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ABSTRACT
A Study of the Experimental and Theoretical
Relationships Between 13cMR and Dielectric
Relaxation Correlation Times
May 1979
Frederick Leon Cummings
B.S., Lamar University
Ph.D., University of Massachusetts
Directed by: Professor James Chin-Win Chien
Professor William John MacKnight
The use of the Debye model of an isolated dipole in
an homogeneous non-polar medium being acted upon by Brownian
motion and a unidirectional field yields correlation times
which differ by a factor of three when derived for a magnetic
dipole and an electronic dipole. Previous investigations
1 11
utilizing H NMR T^ 1 s and, recently, CMP, T ' s and NOE's
over a short temperature range have shown that this relation-
13ship does not hold experimentally. We have shown using CMR
T^ ' s and NOE's over a wide temperature range that although
various popular models can be used to adequately fit the
1
3
CMR data in the high temperature range, these models do not
offer any improvement over the well-known BPP model for cor-
relation with dielectric relaxation data.
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INTRODUCTION
It might be useful at this point to indicate just
what we are terming the correlation time. It is the time it
takes for a given dipole to rotate one radian. It will be
shown in the chapter on theory (Chapter II) that the correla-
tion time gives a time scale for the return to equilibrium
of a system which has been perturbed— a loss of memory in
the system. In the case of internal rotation of the methyl
group (Chapter III), however, the correlation time will be
the amount of time it takes for the methyl group to rotate
120°. Although this is quite different from the former case,
the dynamics of a particular dipole are being described
each time and in each case, the magnitude of the correlation
time is a direct indicator of the rate of the reorientation
of the dipole. That is, the relative ease of motion of the
system is being described.
This being the case, it is easy to visualize how the
correlation time might be influenced by the polymer molecu-
lar weight, its viscosity, volume, density, size and shape
and how the correlation time may be influenced by external
factors like temperature and pressure. Explicit forms for
these relationships will also be derived in subsequent
chap-
Although the correlation time describes the motion
of a dipole, in the NMR method that dipole is the nuclear
magnetic moment while that for the dielectric technique is
the electronic dipole associated with a permanent asymmetry
in the electron distribution for a molecule or segment.
Pertinent to this latter point, in the NMR method, the cor-
relation times will be for chemically distinct carbon atoms
—
resolution the dielectric technique will not be able to
achieve. The possibility that one method may be insensitive
to motions clearly evident to another method is a complicat-
ing feature in the interpretation of the results. Although
the same problem may arise in correlating dynamic mechanical
and dielectric results, one has the ability to match both
frequencies and temperatures between the two experiments to
obtain a clearer picture for analysis. Since the frequency
of the NMR experiment is so much higher than that used in
7 15
the dielectric experiment (2.263 x 10 Hz versus 10 -10 Hz)
this is impossible.
Correlation of NMR and dielectric relaxation results
will be achieved by experimental determination of the di-
electric correlation time-temperature relationship followed
by extrapolation of this equation to the frequency of the
NMR experiment. The type of model utilized to interpret the
results will determine the relationship between the correla-
tion times at the same frequency and temperature. If the
model describing the dynamic properties of the system is
doing this for the motion giving rise to the dielectric re-
laxation as well as 13CMR relaxation, the experimental points
will support the theoretical predictions.
Realistically, we would only expect to observe such
correlation for segmental oscillation which has a dielec-
trically active component and for overall molecular tumbling.
We would not be able to correlate the results well if there
are significant contributions to segmental oscillation from,
for example, the Boyer crankshaft motion (3-bond, g
+g" +
g g
+
) which involves no net change of the electric dipole
moment of the segment. 1 Nor do we expect to find in the di-
electric relaxation results any evidence of relaxation due
to the spinning methyl group in the polymers since this,
too, is dielectrically inactive. These motions may, how-
ever, contribute to modulation of the dipole-dipole inter-
13 1action between the C and H nuclei and thereby influence
the measured spin-lattice relaxation time.
The difficulty of correlating the NMR and dielectric
correlation times will be greatly eased by the fact that we
will be obtaining spin-lattice relaxation times for three
(and for PPO-4 25, five) different carbon atoms. As men-
tioned before, previous NMR correlation attempts centered
around the measurement of wide-band proton relaxation; con-
sequently, the spin-lattice relaxation times measured were
for an average over all of the protons in the sample, making
2
correlation quite difficult. Our being able to measure in-
dividual relaxation times will allow us to separate contri-
butions to the overall relaxation from backbone carbon atoms,
internal rotation of the methyl group and end-group rotation.
It might also be mentioned that where distributions
of correlation times are concerned, they would be only
slightly different for the CH and CH
2
carbon nuclei but
quite different when comparing that of the methyl group to
those of the backbone carbon nuclei, because the dominating
relaxation mechanism (spin-rotation) is quite different.
With previous measurements on protons, all of the separate
and distinct correlation time distributions were summed to-
gether to some new distribution.
Because of the fundamental nature of the molecular
property termed the correlation time, it will come as no sur-
prise that there exists several different methods for deter-
mining it experimentally. Six of the more widely used
methods will now be discussed but one must bear in mind that
this list is not meant to be either comprehensive of all
methods or exhaustive in the treatment of the six techniques
chosen.
N.Q.R.
Nuclear Quadrupolar Resonance (NQR) is a magnetic
resonance spectroscopy concerned with the absorption
of
radio frequency radiation in zero magnetic
field. Quantum
mechanics predicts that all atomic nuclei with
I > 1 will
possess a non-spherical symmetry and energy levels whose ob-
served frequencies are governed by electric effects within
the atom or molecule. They are magnetic dipolar interac-
tions because the mechanism by which they are observed in-
volves the magnetic moment of the nucleus. Its principal
uses are to investigate the structure, chemistry and dynamics
of molecules containing quadrupolar nuclei. 3
Measuring the quadrupolar correlation time, x , in-
q
volves the detection of either the spin-lattice (T,) or
spin-spin (T„) relaxation times. Since the T, or T„ in a
^ 12
molecule with a quadrupolar nucleus is dominated by the
coupling of the nuclear quadrupolar moment (eQ) to the elec-
tric field gradient (EFG) at the nucleus one may write,
1 1 3tt
2mm
S> 9 9
1 2 2 (1 + n /3) (e
ZqQ/h) Z j
SI
where n is the asymmetry parameter and eq is the electro-
static potential in the principal direction of the EFG. If
one measures the relaxation time for non-quadrupolar nuclei
near such a nucleus , however , their normal inter- and intra-
nuclear dipolar interactions may be modulated by interaction
with the local field produced by the movement of the electric
field gradient. The quadrupolar correlation time describes
the movement of the EFG and, depending on the field present
(or no field for pure quadrupolar resonance) has a very large
6frequency range, 10 6 -2 x 10 9 Hz.
As mentioned before, there may be other contribu-
tions to a measured relaxation time and the experimental
method suffers from the fact that one is limited to nuclei
(I > 1) whose sensitivity to radio frequency stimulated emis
sion is very small (in comparison to NMR or ESR) even though
the instrumentation for this technique is fairly common.
Also, the quadrupolar nucleus must be located in a position
that will yield the proper correlation time, for example, a
chlorinated methyl group for looking at internal rotation or
3 5 37a CI (or CI) directly attached to the backbone to pro-
vide a handle on segmental oscillation.
E . S . R
.
Directly analogous to the nuclear magnetic resonance
case, it is also possible to obtain information about molecu
lar dynamics from electron spin resonance studies. Only, in
ESR, one is studying the interaction between the energy in
the magnetic field and the spin of an unpaired electron and
also the effect of that field on the interaction between un-
paired electrons. From the line shape and width one can ob-
tain information on molecular diffusion rates, molecular
rotation and jumping motion between different states and
sites as well as structural data. In electron spin relaxa-
tion both the line shape and return-to-equilibrium theoreti-
cal treatments lead to expressions for the line width in
terms of correlation functions for the perturbation respon-
sible for the relaxation. Depending on how the relationships
are expressed, they can be separated into a coupling term and
a dynamic term, 5 an example of the latter beinq
T =
w
W
W
+
0 w
- 2
9/3 W
0
4 TT (T
zz o-(T + T )2 xx yy'
where W
±
is the line width of the i hyperfine component and
T
i
-l
is the ii component of the hyperfine tensor, T. The
correlation time is for rotation motion in this particular
case. The frequency range available for the ESR experiment
9 11is from 3 x 10 Hz to about 10 Hz. Although the instru-
mentation for the method is common and easy to use, inter-
pretation of the results is not easy in that contributions
to the line width are as varied (and in many cases identical)
as for the NMR method. Descriptions of the many dynamical
processes which can occur (mentioned earlier) and on which
the interpretations are based also contain many assumptions
and approximations. Finally, although one is not limited to
the phase of the polymer, it is necessary that unpaired
spins be present. If they are not intrinsic to the polymer,
they may be attached but one must be aware that one is meas-
uring a correlation time involving rotation or translation
of the radical itself (on groups of nuclei within the radi-
cals or involving vibrational or electronic excitation of
the unpaired spins) rather than the polymer. Generally,
8one must separate the effects on the relaxation of a free
spin-label from those of the spin-label attached. Also, of
course, a spin-label must be attached at such a point in the
polymer that the correct type of modulations on its relaxa-
tion will occur (backbone motion versus side-chain internal
motion)
.
E.L.D.o.R.
A technique related to ESR is that termed ELDOR or
electron-electron double resonance. 7 Experimentally, the
difference arises in that instead of keeping either the
field or frequency constant and sweeping the other to effect
an electronic transition and detect it, one fixes both the
field and the frequency and then perturbs the system by ap-
plying another high-power Rf (radio frequency) field at such
a point that secondary transitions increase the spin tempera
ture and thereby cause a reduction in the amplitude of a
particular resonance line. 7 With the ELDOR technique, it
is possible to extend the range of ESR to correlation times
-3
up to 10 second long. The reduction factor can be sepa-
rated into contributions from single-line and matrix effects
which (since they are assumed to be electron and nuclear
spins and therefore dipolar in nature) can be fitted to
various relaxation processes theoretically. However, due to
instrumental difficulties and the general theoretical uncer-
tainties which also plague the interpretation of ESR data,
the fact that the frequency range of ELDOR is potentially
over seven orders of magnitude (10~ 10
-1(T 3 Hz) is presently
immaterial. Only lately have in-depth studies been made
utilizing the potential of this method.
Fluorescence Depolarization
When linearly polarized light of suitable wavelength
impinges upon and is absorbed by a fluorescent molecule,
there is a short delay (10~ 9 -10~ 5 second) before the energy
is emitted. Rapid motion of the molecule may then result in
a slight difference in the polarization vectors of absorp-
tion and emission. The magnitude of this difference, the
fluorescence depolarization, can be correlated with the
g
molecular dynamics. The principal use for this technique
is the study of the motions of molecules in chemistry or bio-
chemistry
.
The autocorrelation time for the reorientation of
the electronic dipole of the molecule can be directly related
to both the fluorescence lifetime, K(t) , and the polariza-
tion anisotropy, r(t). Experimentally, one measures (sepa-
rately) the parallel and perpendicular (to the incident ray)
components of the time-dependent intensity of the fluores-
cence. One finds, then, that
r(t) =
In (t) - I^(t)
I|| (t) - 2Ij
L
(t)
10
and
K(t) =
+ 21, (t)] x constant 8
The correlation function for the second Legendre polynomial
of the electronic dipole reorientation angle is then
r(t) = |< P [p( 0 ) -p(t)]>
where the p ( ) s are unit vectors along the transition di-
poles at t = 0 and t = t. 8 One then writes an autocorrela-
tion function and compares its predictions to the experimen-
tal data.
The correlation function which results is particular
to the electronic transition vectors for fluorescence in the
molecule and is thus closely related to the electronic di-
pole of the molecule, i.e., overall molecular tumbling or
possibly internal rotation in a large molecule (depending,
once again, on the location on the fluorescing moiety).
The limitations of the method are that the elec-
tronics are fairly sophisticated, the fluorescing moiety has
to be fairly dilute (10~ 4 M)
,
and, of course, there has to
be a group capable of fluorescence. Also, rotation of the
transition dipole is not the only cause of fluorescence de-
polarization. This effect can also be caused by intermolecu-
lar excitation transfer, different relaxation mechanisms or
effects within the molecule intrinsic to its electronic
gproperties
.
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N.M.R. and Dielectric Relaxation
Elucidation of molecular dynamics utilizing NMR and
dielectric relaxation techniques will be developed in detail
in the following chapters. The principal justifications for
choosing these two methods can be summarized by stating that
dielectric relaxation methods provide an enormous frequency
range (10 1 -10 12 Hz) while 13CMR supplements this information
by contributing a high degree of resolution. Instrumentation
is relatively simple and its use is devoid of complications.
Also, as will be outlined later in the next chapter, some
simple correlations have already been made between the two
techniques
.
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CHAPTER I
LITERATURE
In 1964, T.M. Connor 1 published a comprehensive work
on the effect on the shape of the T
±
versus 1/T°K curve of
empirically substituting distributions of correlation times
from dielectric relaxation theory into the Bloembergen,
Purcell and Pound expression 2 for T
±
as a function of corre-
lation time, x, for two like spins (I = 1/2):
10r 6
T
1 + U) T
+
4t
2 2
1 + 4w T
(1)
where y is the magnetogyric ratio of the proton, ft is
Planck's constant divided by 2tt and oj is the frequency of
measurement. The substitutions were made to modify this
single correlation time equation into one providing a
characterized by a continuous distribution of correlation
times described by a density function, G(t), such that
00
G(x)dT = 1
0
(2)
yielding
13
14
1
_ 3Y
4
Jrf
2
lOr
00 /OO
T G ( T ) dx
1 + 0) T
+ 4
L 0
xG (i)dx
1 + 4u) X
0
(3)
For convenience, the density functions were expressed in
terms of a logarithmic correlation time scale by letting t
0
be the center of the distribution on that time scale and de-
fining
s = ln(T DA 0 ) (4)
with t d being the dielectric correlation time and
,00
F(s)ds = 1
— OO
(5)
with
G(T
D
)dx D = F(s)ds (6)
Theoretical predictions of the spin-lattice relaxation time
were then made for:
Rectangular distributions:
G(x n ) = ~ ln(b/a)u D
G(x D ) = 0
b £ x > a
x > b, x < a
(7)
Gaussian distributions:
G(s) = (a/iT 1/2 )exp [- (as)
2
]
(8)
15
Fuoss-Kirkwood distributions: 4
F(s) = e - cos (eTT/2)cosh (6s)
it 2~ 9 (9)
cos (Stt/2) + sinh (3s)
Cole-Cole distributions: 5
p ( s ) _ _1_ ,
sin
-yTT
2tt cosh(ys) + cos(ytt) ( 10 )
and Cole-Davidson distributions: 6
F(s) = sln(61" [1 - exp(-s)r S T < T
F(s) = 0
L 1 0
(ID
In the above equations, a, b, a, 3, 6, and 6 are all distri-
bution parameters defining the width of the distributions
of correlation times. The depth of the resulting 1 was ad-
justed by assuming that since the multiplicative factor,
4 2 6
3y M /10r was a measure of the value of the spin-spin re-
laxation time for a rigid lattice, it can be also made a dis
tribution variable."'"
The BPP formula—which was derived assuming the
Debye model of an isolated, isotropically rotating dipole
in an external field—has been found to work fairly well
(particularly in the region of the T?
1
minimum vs. 1/T°K) for
some low molecular weight liquids like glycerol, water-
glycerol solutions, ethanol and paramagnetic solutions of
Cu
,
Fe
,
and Er
,
but was inadequate in describing the
relaxation behavior of high polymers. 7 ' 8 ' 9 In the region Qf
the T
1 minimum (versus 1/T°K) , after adjustment in the manner
mentioned before, the theoretical predictions would fit well;
however, the theoretical and experimental curves would then
quickly diverge (the experimental curve having the lower
slope) as one raised or lowered the temperature, i.e., moved
away from the region of the n minimum.
Connor 1 assumed that this shortcoming stemmed from
the equation's attempt to characterize the polymer chain dy-
namics with a single correlation time, that is, the distribu-
tion of correlation times was a 6 function. To make the BPP
relationship more realistic, the author made the aforemen-
tioned substitutions which were well-known distributions of
correlation times utilized in treating dielectric relaxation
data. The various types of distributions widened and flat-
tened the T
1
vs. 1/T°K curve, and in the case of the Cole-
Davidson distribution 6 (equation 11) , shifted the center of
the curve and made it asymmetrical.
The use of the BPP formulation enables one to com-
pare the relationship of the NMR correlation time so derived
with the experimentally determined dielectric relaxation
time. The Debye model mentioned earlier is the basis for
the dielectric relaxation relationship (presented in later
chapters) and for the theoretical relationship of the NMR
Tj to the nuclear correlation time, the only difference be-
17
tween them being the fact that the orientation function used
in the autocorrelation function giving the position and time
dependence of the electric dipole is given by first-order
spherical harmonics while that for the NMR experiment (be-
cause a tensor is used to assign the orientation of the mag-
netic dipole rather than a vector as in the dielectric case)
is described by second-order surface spherical harmonics.
Consequently, for the case of an isolated dipole in a viscous
fluid being acted upon by a strong, unidirectional field and
Brownian motion, x
D = 3x c , that is, the nuclear magnetic
resonance correlation time is smaller than that derived from
dielectric experiments by a factor of three. Alternative
models for the polymer chain dynamics would, of course,
change this relationship.
Although Connor's distributions did provide a better
fit for his data than the use of the unmodified BPP formula,
still, as one moved away from the region of the minimum in
the T, vs
.
1/T°K curve, marked deviations would occur. Since
there is a voluminous amount of data in the literature on
and t d versis temperature, one might feel that a careful
perusal of that data might enable one to decide if Connor's
results are typical of polymer systems. Such a straight-
forward action is limited by two important problems: (a)
rarely is the identical polymer studied for both the dielec-
tric and NMR work, and (b) only occasionally are the samples
used in the sets of work in the same physical state or en-
18
vironment. it is ahcni,,*. iabsolutely essential that the identical
(from the same bat-r-h s -p ~ • , -. .tch, lf possible) polymer be used in that
a Polymer may be synthesized in a different manner, yieldingProducts whose microstructure, molecular weight and molecular
weight distribution, and impurity levels make them, for all
practical purposes, two completely different systems. Also,
having the polymer in two different states, like, for
Pie, bulk in one experiment and in solution in the other,
makes a direct comparison worthless. Bear in mind, at the
moment we are only concerned with testing the isotropic
rotational diffusion model.
On the following page(s) is a table (Table 1) with
some results for polyalkyl oxides gleaned from the litera-
ture. Not shown are selected testing of this model using
polystyrene, 10 ' 11 ' 12 nylon 66, 13 poly (hexadecyl methacryl-
ate);
'
15 poly (vinyl stearate), 14 poly (ethyl methacryl-
ate),
'
poly (methyl methacrylate )
,
16
'
18
'
19
and PVC. 20 ' 21
All of the data together indicate that the single
correlation time model alone is inadequate in correlating
the available data.
In the succeeding chapters alternative models and
formulations will be introduced and examined.
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CHAPTER J J
THE THEORETICAL RELATIONSHIP BETWEEN THE
SPIN-LATTICE RELAXATION TIME AND THE
CORRELATION TIME
tor the Debye Model " 3L
Figure
.1. Motion of a Rigid Dipole
Consider the given drawing above in polar coordi-
nates of a rigid dipole in a non-polar medium. If one con-
siders one end to be fixed at the origin, 0, the effect of
Brownian motion on the system will be to cause the free end
of the dipole to fluctuate in a random manner in very minute
distances (or angles) eventually describing a sphere in its
movents. After starting at sQme posit . on g . ven ^
«<V V fc = 0), a short time later, the dipole is at some
new position Q( e, », t) having arrived therg fay g^^
process. The imposition of an unidireotion electric field
will now result in the loss of some of the randomness in the
orientation of the dipole (the position of the origin, how-
ever, win reraain the same) Debye tQ demonstrate
that the time coefficient of the probability p(e, *> of find-
ing the dipole in a particular orientation after some time,
t, is given by 9p(e, t)/3t = DV 2p(6, t)
, where D is a
constant termed the rotational diffusion constant and V is
the Laplace transform. 1
in applying the Debye equation, one must note that
it describes: (a) a very low concentration of dipoles in a
non-polar solvent so that electrostatic interaction is non-
existent; (b) a unidirectional electric field; (c) dipoles
assuming all orientations but having a higher probability of
being oriented in the direction of the field (that probabil-
ity being characterized by a modified form of Maxwell-
Bol tzmann statistics • '
In polar coordinates
,
2
2 2
sin 0 3<j>
(12)
Since in Debye ' s equation the dipole length is fixed, the
equation above may be rewritten:
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V
2
Y E n(n + 1)Y + -Jt Ln n sine 39
9Y 1
sineinr
2
n
d Y
+ —I n
sin 9 3<jr
(13)
where rnY
n = p (this removes r as a variable in the equa-
tion)
.
When equation (13) is equal to zero, the solution Y
ris termed a surface spherical harmonic of order n; 3 conse-
quently, as a particular solution to Debye s equation one can
write
:
V
2
Y
n
(6 / cj), t) = n(n + DY
n
(e, <j>, t). (14)
The time dependence of the solution will be of the form:
3p/3t = Dn(n + l)p (15a)
or
Ap(B, (j), t) = exp-[Dn(n + l)t] (15b)
and if we let Dn (n + 1) = t -1
, then
Ap(6, <j>, t) = exp-(t/x). (16)
The variable x, the correlation time, character-
izes the time scale for the decay of nuclear or electronic
order in the system. For the case of NMR, t
c
is the period
for molecular reorientation of an internuclear vector while
the dielectric relaxation time, t d , describes the random
fluctuation of an electric dipole.
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Now, a general solution to the Debye equation is an
expansion of the particular solution about the spherical har
monies
,
P<e, t) = J c ( e, *>v (e. *>
nm nnT-'
Y/ nm vu ' (17)
and, after including the time dependence of p( 6 , $ , t) ,
P<6, t) = l cnm (e f 4^(9, #f t)exp(-t/x). (18)
Multiplying both sides of the previous equation by
*
Y
nm (6 ' °)sin6ded(|) (the value of Y
nm (9, 4> , t) at t = 0) ,
we get
:
Y
nm (6/ *' °)P( 6 ' <K t)sin6ded(})
• exp (-t/x) sin6ded({)
. (19)
After converting to integrals, the right-hand side of this
equation contains the definition of the orthogonality condi
tion for spherical harmonics; viz.,
* 0 for n ^ m
Y
nm
(e, 0, o)Ynm (e, <j>, t)sineaedcf) =
1 for n = m
therefore
,
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Y
nm (0 ' °)P( e ' *i t)sined0d$ = C
n
(e, <j>) . (20)
We now define the time average of a function by:
Y
nm (6 ' fc >
" Y
nm (6 ' °)P^ 6 ' <J>/ t) sin6d6d(j). (21)
Because the Y
nm (6, 4> , t) are spherical harmonic functions
which are real, even and Hermitian, one can write
Y
nm (9 ' 0)
= Y
nm (0 ' * ' 0) * Now ' the expression for
C
nm (6, <$>) above becomes
C
n,-m<
8
' *»
= Y
n,-m (6, 0) P (6 ' ' t)sin6dedcj). (22)
The right side of this equation is Y (9, $ , 0). After sub-nm
stituting for the time dependence of p(6, t) , one gets
Y
nm (0, 4>, t) = Ynm (0, O)exp-(tA). (23)
At t = 0, as an initial condition, the form of the
solution is a 6 function, p(0 Q/ <J>q, 0) = 6 [(8, (J)) - (0 Q , $q)],
and using the expansion of a 6 function in spherical har-
monics
,
5[(e, 40 - (e 0 , <|> 0)i = I Ynm (e 0 , 4, 0 , o)Ynm (e, <j> ,
t)
nm
(24)
and comparing it to equation (18), one sees that Cnm (9, <f>)
=
Y (
8
$n * 0 ) and ' therefore
,
nm 0 r 0
(25)
This formula states that the probability of finding the di-
pole in a direction Y
nm ( 0 , <j>) at time, t, when it started
at Y
nm (6 0' at t = 0 is dependent upon the autocorrela-
tion of the position harmonics and that this probability de-
cays with a characteristic correlation time, t-1 = D (n + 1) .
The surface spherical harmonic or correlation func-
tion used to characterize the random fluctuation due to
Brownian motion in the Debye (electric dipole) system is
cos8(t), which is a Legendre polynomial of degree n = 1,
therefore the probability would decay with a correlation time
inversely proportional to 2D. The spherical harmonics for
the bistable dipole in the nuclear magnetic resonance case
are all tensors, with the orientation function being
2(cos 0(t) - 1) , a Legendre of n = 2 . The correlation time
for the NMR experiment is therefore inversely proportional
to 6D so that the magnetic resonance correlation time is
shorter than that for the dielectric case by a factor of
three for a model assuming isolated dipoles in an unidirec-
tional field undergoing rotational diffusion due to the ac-
tion of Brownian motion. 4 ' 5 The factor of three is strictly
a peculiarity of the model used and can vary from 1 + 5 if,
for example, anisotropic rotation with internal motion is
utilized .
^
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Spin-Lattice Relaxation Time as a Funct ion
of the Correlation Time"
In order to obtain an expression which will allow us
to determine i
c
experimentally, we must first start with the
orientational probability we have just derived. Consider
these definitions: Y
nm (6, <f>, t) is a random function of t
and its value at t is subject to some law of probability
p(Y
nm'
t]
•
Its avera9e value at t, Ynm (0# ft fc ) is defined
by
Y ((), (I) , t ) =nm v ' 1 ' ' Ynm (0 ' * )p(Ynm' t)dYnm (0 ' • < 26a >
If F
nm (Y r,m ( U ' $ ) ) is a given function of Y (0, A ) , F willn nm ' r ' ' nm
also be a random function of t and
F (t) =
nm P <Ynm' t)F nm< Ynm <"' + >> dW 0 ' *> < 26b >
Let p' (0 Q , ff) Q ; 0, <f>) be the probability that Ynm (0, 4>) will
have a value Y
nm
(0 n , <|> 0 , t Q ) at t
= t Q
and v
nm
( <>
, <|> , t) at
t = t. Also let p(9qi (|) q , t Q ; o Q , (|)q, t) be that probabil-
ity that Y (6, d>) will have a value Y (0, $ , t) at time t
nm nm
given that its value at t = t Q is Ynm (0 Q , <J> n , t Q ) . Please
note: p'(0 Q , $ Q t 0, <t>) = P(Ynm (0 Q , (J>q) ? tQ )p(e o , (JJq, tQ J
0, <|), t) . The autocorrelation function of Fnm ( ynm (0 ' ))
relative to the two times t n and t is
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G(V V = P„m<V Pnm<t>
p'<e of v 9/ ^)Fnm (Ynm (e 0/ , »
*
F
nm( Ynm (9 ' *>> dYnm (V V dYnm (9 < > •
(27)
If P '' P
'
F
nm'
G and Y
nm (9 ' *> are a11 stationary
random functions which are invariant under a change in the
origin for time, then P(Y
nm (9, <f>), t) is independent of time
and, given that t - t
Q
= x, we have:
G( x) = P'<e 0 , V e, + , T)Fnm (Ynm (e 0 , v >
'
F
nm
(Y
nm (9 < ^) dYnm (6 0' V dYnm (9 ' >
J J
p(Y
nm
(9
' ^'P^O' V 9 ' T)
*
F
nm
(Y
nm (V *0 > > Fnm (
Y
nm
(
9
' *> > sineded* . (28)
After substituting our equation for the orientation
probability (equation (15)), we obtain
G(t) p(Y (9, (f)))F (Y (6 n , <j) n ))F (Y (6, <$>) )nm Y nm nm 0 Y 0 nm nm r
Y
nm (0 0' *0 )Ynm (G ' <D) exp(- 1 1 |/t) sineded*
nm
(29)
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For the Debye model, the random functions are related to
the normalized surface spherical harmonics by the relation-
ShipS: F
nm<
Y
nm (6 ' » = Arij"\m (6, f) , where A is a numeri
cal constant. (Also, given the initial condition that the
initial orientation is known, P(Y
nm (e 0 , )
= l/4ir .) For
this case of magnetic resonance, n = 2 and m = 0 , 1 , 2 ; con-
sequently, the pertinent spherical harmonics are:
F2,0
= 1
~ 3cos
2
6
ID
F2,l
= sine ij cosG ij exp(i (j) i .)
. 2F2,2
= Sln e ij e^P(2ic)) ij )
and (after substitution) the corresponding values for G (t)
nm
are
12 -6G2,0 (T)
=
15 r ij exP
2 -6 _ltG2,1 (T)
=
15 r ij exP
"
G2,2 (T)
= A rij" 6exP —
The importance of the autocorrelation function is
that its Fourier transform yields the spectral density func-
tion, J (w) . That is,
31
/CO
J (CO) = G
m (T)exp(-ia)T)dT.
— oo
These J
m
(o)) are the probabilities of molecular motion at some
resonance frequency, u, and they provide a means of charac-
terizing the frequency distribution and the magnitude of the
random fluctuations in the system (which affect the magni-
tude of the local magnetic field around a nucleus). The
J
m
(w)'s can also be thought of as representing the power
available at u> to relax the system. They are also our bridge
between the theoretical treatment and the experimental deter-
mination in that for two unlike spins ( 13 C and 1 H)
,
assuming
the Debye model, the relationship between the spin-lattice
relaxation time and the nuclear magnetic correlation time
(the BPP formula) is:
2 2 u2
m "I _ YC » .
1 20 A
13
J
0
(w
H
- a) ) + 3J
1
(w
c
) + 6J
2
(w + u> )
(30)
That for the spin-spin relaxation time, T
2 /
is:
2 2 W 2
T
-1
_
^0 *
y
2 40 A
ID
4t + J
0
(^H
- a)
c
) + 3J 1 (ojc )
+ 6J^(u>
H )
+ 6J
2
+ ol>
c
)
and the nuclear Overhauser enhancement is:
(31)
Y
NOE = 1 + _H-—^^^ - U) )
32
(32)
where, for the t c ^ ^ ^
of J(.) is /(1 + uV) ^ _ is ^
any two nuclei of interest. One must bear in mind that in
using this model, one is assuming that the dynamics of the
entire polymer system can be described by a single correla-
tion time (the density function for correlation times is a
6 function)
.
7
An alternative approach to the Debye model is that
of Valeur et al
.
8
confining polymer backbone motion to a
series of three-bond conformational jumps on a tetrahedral
lattice. such a model leads to a non-exponential correla-
tion function of the following form:
G(t) = F
n
(0)F
n
(T) = exp(x/T
D )erfc(T/T D )
1/2 (33)
where erf
c
(t/t d )
1/2 is the error function complement of
(t/t d )
1/2
and
erfc(T/x
D )
1/2
= 1 -
<t/V 1/2 2
exp(-y ) du
.
After the manner of Heatley and Begum, 9 we will introduce
an additional term into this correlation function to take
into consideration overall isotropic rotation of the polymer
(since our polymers are of rather low molecular weight)
.
The full autocorrelation function is therefore:
G(t) = exp(-T/T
0
)exp(T/T
D )erfc(x/T D )
1/2
(34)
and t
q
is the isotropic rotation correlation time while x
D
is that due to segmental motion. The spectral density func
tions for the above case have the form:
J (u») =
n '
Vd (t o " V
<T„
- V 2 + U2 T D2 T D2
0
2t
D
1/2
(1 + ,
2
T
0
2
)
1/2
+ 1^/2
1
2 2
1 + 0) T
Q
WT
0
T
D
(T
0 "
T
D )
0
i
2 2
1 + 0> T
Q
1
1/2
f
2T
D
1/2
-
,
T
0j
(35)
Using this spectral density function in equations (20), (21)
and (22) will yield theoretical values for T-> T
2
and the
NOE. In application the autocorrelation function corre-
sponding to this spectral density has been found to decay
very slowly at long times, x, and therefore to indicate that
one bond is coupled to all others in an infinite chain ; a
fact which has not been found experimentally.
The Jones and Stockmayer model , on the other hand,
assumes a three-bond crankshaft-type movement (very close in
Physical form to the Monnerie model presented previously) and
the sharp truncation of inter-bond motional correlation at
some finite distance-in bond lengths, m-from the crank-
shaft disturbance. Their assumptions lead to the following
equation for the autocorrelation function:
G(t) = I Gexp(-T/T,); s = S-J-l,
k=l K k 2
T k
_1
= wA k (36)
where S is the number of exponential correlation times char-
acterizing the motion of a bond, m is the number of coupled
bonds in the segment, A
R and GR are constants characterizing
the motion of the central bond in the crankshaft, and w is
a constant. It can be shown 10 that equation (36) is numeri-
cally identical to equation (33) with a second, arbitrary
exponential correlation time added. Jones and Stockmayer
then assume that overall molecular isotropic rotation and
10
anisotropic internal rotations 11 also occur and that all of
the different mechanisms proceed independently of one an-
other. The overall correlation function is. therefore:
G(t) = |(3cos 2 A - 1) + |-(sin 2 2A) exp- (i/T
i )
3 4
+ ^-(sin A ) exp- ( 4t/t . ) exp- (t/t 0 )
k=l
Gkexp- (TA k ) (37)
"here T
.
characterizes the time scale for internal rotation
of a segment or molecule and A is the angle between the i„-
ternuclear vection and the axis of rotation. m our case,
the internal rotation which we will be concerned about i.'
the spinning of the methyl group, consequently, A ls that
for a tetrahedral angle (-109.5") so that equation (37) be-
comes
:
G(T)
= [0.111 + 0.296 exp-(T/T.) + 0 . 593 exp- (4t/t i>l
S
•exp-(x/T
0 ) k
I
i
Gkexp-(x/T k ) (38)
The corresponding spectral density function is
S 0.111 t 0.296 x,
Jj (co) = 2 JG , ,
kQ
,
+ bkO
*
1 + TO ^7^7
°' 593 T un
, ckO+ 7~ 2 2 (39)
1 + W
i T ck0
Tbk0 ~ Tck0
1
* T 0
1
+ T k~
1
+ T
i
_1
Note: TbkQ ? T ckQ if a stochastic diffusion model is assumed
for the correlation time, t^. In this model, it is assumed
that the internuclear vector jumps between three equivalent
positions (6 = ±120°). 11 in this model we may separate
mathematically the correlation times corresponding to a par-
ticular type of motion, but one must bear in mind that ex-
perimentally we will only detect one relaxation time so that
discrete determination of individual correlation times is
impossible unless experimental conditions may be varied so
as to make each mechanism predominate at different times or
unless one or more of the correlation times may be obtained
by separate experimental methods.
We have chosen these models to test our experimental
data because they are representative of the models most used
in the literature to fit NMR results. The BPP model is most
commonly used, both because it was the first comprehensive
model correlating ^ , t2 , the NOEF with x, and because of
the ease of utility in that it has no arbitrary parameters.
The Monnerie model is representative of two important classes
of polymer dynamic models for NMR : (a) those utilizing a non-
exponential (single) autocorrelation function; 8 ' 10 ' 12 ' 13 and
(b) those which the BPP equation has been modified empiri-
cally by the substitution of a distribution of correlation
times for the single correlation time. 7 ' 9 ' 14
" 17 it can be
shown mathematically that it is impossible to distinguish
any difference in the effect on a measured ^ of a non-
exponential autocorrelation function or a distribution of
correlation times. It is important, therefore, to include
one of the two types of models for testing. The Monnerie
model was chosen for its small number of adjustable param-
eters, T oA D r its ease of utility, and for the existence of
a physical molecular basis to its theory.
The Jones and Stockmayer model, 10 on the other hand,
allows us to separate different contributions to what will
be a composite T±
.
We can obtain estimates of the molecular
isotropic rotational diffusion correlation time, T , from
dielectric results on these polymers, 18 " 23 and the use of
models for a spinning top, 6 ' 17 i.e., the methyl group, which
will allow us to calculate t
^
. Consequently, we will be
able not only to test the theoretical model for internal
segmental motion (crankshaft motion) but to show if, in
fact, all of these movements occur independently of one an-
other
.
In conclusion we must note, experimentally, it will
be necessary to determine more than just the T
±
for a par-
ticular type of carbon at some defined temperature. This
amount of data would simply be inadequate for the purposes
we have in mind. The temperature dependence of T, over as
wide a range as possible is essential. Also important is
the necessity for having either T
2
or the NOEF also over a
wide temperature range. It would be a simple matter to fit
just the T^ over our temperature range and just about any
model would do, considering the number of arbitrary param-
eters they possess. However, if the correlation times pre-
dicted from the T^ data also correctly predict either the
T
2
or the NOEF data, then we may indeed be confident that
the model is self-consistent. Since we lack the capacity
to measure T
2 on our instrument, a measurement of the NOEP
will serve as our internal check.
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CHAPTER III
THE EXPERIMENTAL RELATIONSHIP OF
T, TO TEMPERATURE
Experimental Measurement of the Spin-Lattice
Relaxation Time
1 3Natural abundance C NMR spectra with 1 H decoupling
were obtained at 22. 626 MHz on a Briiker HFX-90E multinuclear
spectrometer in a Fourier transform mode. The pulse widths
13
used for the C excitation were always under 50 usee and
usually under 25 psec. The range of frequencies in the pulse
is represented by a bell-shaped curve around f-^ = 22 .626 MHz.
If the transmitter power is too low, the intensity of
that curve is lower and the range is less ; also , some Larmor
frequencies may then lie in the wings of the curve and thus
receive less than full excitation. Trying to compensate by
lengthening the pulse width does increase the intensity of
the power spectrum at but it also has the effect of caus-
ing a sharper drop in the wings of the power curve. We ran
all of our spectra with the transmitter attenuation low
enough to cause saturation and with pulse widths low enough
to completely excite all of the resonances in the spectrum
of interest.
Sixty-four scans of each spectrum yielded a signal-
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64 Pulse sequence was used to ob-tain the spin-lattice relaxation time8
, where T is ^ ^
variable and r is the repetition rate. The repetrtion rate
was always in excess of 5T, (or the experiment was repeated)
to allow full recovery of the bulk magnetization of the in-
dividual carbon atoms in the sample and t could be shortened
to as much as one millisecond to insure complete inversion
of all resonances.
The experimental set-up is the same as that for the
normal running of the instrument except for one difference.
The multiple pulse generator (MPG-2 ) must be set for the
experiment by: (a) making sure that the pulse width is set
for a 90- tipping D f the signal, (b) removing the topmost
red pin in the Pulse I, 90°, Pulse 4 position on the front
of the MPG-2 and placing it in the Pulse I, 180°, Pulse *
position,
( C ) removing the topmost green pin from its Pulse
I, forward, computer position and placing it anywhere in the
same column (comp.) except for the Pulse II row, and (d)
setting r+x as the Repetition Rate and x as the Delay Pulse
II. After each total accumulation, the Repetition Rate and
Delay Pulse II are reset with a different x. The setting
means that a 180°, 13 C pulse will be triggered, there will
be a wait which will last x seconds, and then a 90°, 13 c
pulse and the computer will be triggered, After a time r,
the sequence will repeat itself. One determines the 90°
pulse width for a particular sample simply by performing a
13
normal " C experiment and varying the pulse width until a
maximum in signal intensity versus pulse width curve is ob-
tained. On our particular instrument, there is severe dis-
tortion in the shape of the pulse if it is less than 8 ysec
long. Consequently, by starting at about 10 ysec (with a
simple compound as a sample that has a short relaxation time
to make this determination as short as possible)
,
gathering
a spectrum and then adjusting the pulse width in increments
of 2 ysec until a maximum has definitely been established,
one can find the 90° pulse to within ±1 second. It is then
repeated in the region of the maximum in 0.5 ysec increments
until a new one has been obtained ±0.25 ysec. Inasmuch as
different carbon atoms will have slightly different 90°
pulse lengths, it is not really worth the trouble to deter-
mine the maximum to within ±0.1 ysec.
Getting back to our determination, an average of
about 45 different spectra, each representing a different
delay time, x, with carbon amplitudes A(t), were taken at
some particular temperature in addition to a few with t = r.
The average of the latter served as the A
ra
or fully relaxed
carbon amplitudes. A plot of In (A^ - A(x))/2Aoo versus t
yielded straight lines with a slope of -1/T, , the lines be-
ing fit with a least-squares computer program. An average
of about 15 points were usually used for the 1/T 1 determina-
tion, the remainder being too scattered or at values of
too large to make them useful. (Since we accumulated only
64 FID's per delay time, t, there was approximately a 5-10%
fluctuation in the peak amplitudes and intensities. A larger
number of accumulations would have lowered the degree of this
fluctuation, but at the expense of much longer experimental
times.) Standard deviations for the ^ values averaged
between 3 and 15% for T^s calculated with peak areas and
those calculated with peak intensities (although generally,
those calculated with peak areas had lower standard
devia-
tions for T^)
.
Decoupling of the
13 C nuclei from the
L H nuclei was
effected by a white-noise generator (BSV-2)
operating at
90 MHz and 2-3 Watts of power (as measured
directly on the
Thruline Wattmeter, Model 43 (Bird Electronic
Corp., Cleve-
land, Ohio) whxch is in series between
the BSV-2 and the
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probehead
.
As an example, let us examine the data for PPO-1025
at 363. 7°K run on 19-22 July 1976 (selected at random). The
instrumental settings are (for this high temperature point)
:
Pulse Width, 45.5 usee; Repetition Rate, 20.00 sec + t;
Stabilization Amplitude, 900 (normal, 300); External Lock,
Naphthalene-dg (normal, D
2 0) ; f 1 (
13
C) Attenuation, 35 db
(normal, -20 db) ; f Q ( H) Attenuation, 18 db at 17.7
yA
(normal, 30 db at 17.7 uA) ; f 2 ("""H) Attenuation, 22 db;
Posi-
tion f
1
(f
x
offset), 1.600 (normal, ~6.00 = f ± ) ; Position f 2 ,
1.503. The computer settings were: Filter B (5000 Hz); Dwell
Time, 100 usee (5000 Hz); Delay Time, 100 ysec; Volts Full
Scale, ±2 volts; Measure Memory Allocation, 0-8K; Vertical
Display Scale, 131K; Horizontal Display Scale, 4K; Time Con-
stant, -1.5 sec; Autostop, 64 scans; Resolution, 9 bits;
Systematic Noise Reduction, Off. Four values of t were used
to determine A^, all were greater than or equal to 20.00
seconds. Forty-five different values of t were measured.
T-^s were calculated from an average of 17 points for
the
three main carbons with an average % standard deviation
of
5.1% and the intercepts averaged 0.86 (= 1.0 for
total inver-
sion) . The low value of the intercept is due to
scatter in
the T, plots.
Nuclear Overhauser Enhancements (NOE's) were
ac-
quired by a gated decoupling technique. First
a normal C
spectrum was run with a repetition rate of
20T,. Immediately
afterward, the spectrometer is set up to run an NOE experi-
ment and this is run. The instrumental set-up is identical
to that for running a except that the initial red pin in
the MPG-2 is left in its Pulse I, 90°, Pulse 4. position and
Delay Pulse II is set at 20!^ - 1 second (Repetition Rate =
2 0T
1 )
and the BSV-2 Decoupler is programmed to be offset by
a large amount. The sequence of events which then transpire
13
are: (1) a C 90° pulse is triggered, (2) after a time
1320T
1
- 1 sec, another C 90° pulse is triggered, the De-
coupler is activated, and the computer is activated so that
13 .
a C signal which is decoupled but not enhanced is accumu-
13lated in the computer, (3) after one second yet another C
90° pulse is triggered (actually, this one is the first one
mentioned above) which turns off the computer and offsets
the decoupler to a high value of f
2
. The above experiment,
sadly enough, cannot be performed in the above manner on
our instrument because at point (3) the decoupler is shut
off. This introduces an error into the NOE calculation be-
cause when a normal 13 C { 1 H} spectrum (decoupled and en-
hanced) is run, an inherent amount of power flows into the
receiver due to the decoupler, slightly increasing the sizes
of the resultant peaks. When the decoupler is shut off,
this residual power is not present. Consequently, although
normally the decoupling frequency is simply offset for this
experiment, in our case we determine the contribution of the
decoupling power to the final peaks by taking a simple sam-
Pie and running it twice, once with the BSV-2 Decoupler
turned off, and once with the Bgv. 2 ^_
set. The ratio which results is the corrective factor we
require. Some of our NOE data was taken with a more versa-
tile instrument, a Bruker WP-80, by Dr. Peter ziegler at
Briiker Instruments, Inc., Billerica, Massachusetts, and we
are deeply indebted for this service.
All T
2
*-s came from direct measurement of the spectral
line widths.
The polymer samples investigated were three
poly (propylene oxides) (ppo's) of number-average molecular
weights of 425, 1025 and 2025 g/mole, and two poly (propylene
oxide-co-ethylene oxide)s (PPO-PEO's) each with a molecular
weight of 3300 g/mole but having different percentages of
ethylene oxide, viz. 44% and 77% ethylene oxide (EO) . The
PPO's are the well-known NIAX Diols from Union Carbide. All
of the polymers were clear viscous liquids at room tempera-
ture and all were provided by Dr. William Samuels of Union
Carbide (Bound Brook, N.J.) for which we are very grateful.
The samples were examined in slightly less than one
milliliter quantities to ensure that none of the sample was
outside of the ^ radio frequency coil. Since degassing
of a PPO-4 25 sample produced no change larger than experi-
mental error in the measured values of T
1
or T
2
*, subse-
quent samples were not degassed.
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Sample Properties
Fully enhanced, ^ { l R} ^ ^ ^ ^^mer samples used in this study are shown in Figures 2
Within experimental error, ±0 .05 PPm, there was no variation
« any of the chemical shifts with an increase in molecular
weight. The chemical shifts for the various carbon atoms
in bulk polypropylene oxide are (in ppm downfield from tetra-
methylsilane (TMS)
) : CH : 77.89, CH, : 75.95, End CH : 69.20,
End CH
2 : 68.61, End CH3 : 22.27, and, finally, CH3 : 20.17. In
addition, the carbon chemical shift of the
-CH
2
-CH
2
-o- in
bulk poly ^propylene oxide-ethylene oxide) which has an
identical group on either side of it is 73.37 ppm while that
methylene with one propylene oxide group next to it has a
carbon chemical shift of 71.37 ppm downfield from TMS. The
End designation indicates that those resonances are due to
the presence of the carbon at or near the chain end of the
polymer as is evident from the rapid decrease in magnitude
of these resonances with respect to molecular weight (Figure
2c) .
The polymers' number average molecular weights were
425, 1025 and 2025 g/mole and the molecular weight distribu-
tion was calculated to be 1.03. All were clear viscous
liquids which froze to clear glasses around 5°C except for
PPO-PEO, "75%" EO which at room temperature has a very dis-
cernable haze which intensifies on cooling. Inasmuch as the
PPQ-425
H2
J
PPO-1025
<PH PPO-2025
end CHCHp
Fig. 2a C-13 of PPO 's
44 %
60 7,
52 /o
77 7,
Fig 2b C-13 of PPO-PEO's (%EO)
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Molecular Weight (g/mole)
Figure 2c. Effect of Molecular Weight on Peak Amplitudes.
behavior of the line widths in this polymer on cooling is
comparable to that of the other polymers, we feel that the
haziness is due to phase separation rather than crystalli-te (also, polyethylene oxides with approximately this
molecular weight are also clear, viscous liquids).
The polypropylene oxides are atactic in microstruc-
ture although they give single sharp lines for the methine
and methylene carbon atoms. This also appears to be the
case for the propylene oxide sequences in poly (co-propylene
oxide-ethylene oxide) polymers (a slight broadening in the
75% ethylene oxide copolymer might well indicate a random-
ization in the propylene oxide sequences). We might also
add that the addition of trifluoroacetone to a solution of
the polypropylene oxides (ppo's) yielded two complicated
multiplets (by 19 F NMR) which confirmed the fact that these
polymers are polyglycols.
Comparing our copolymer spectra with those of Whipple
and Green, 1 we see that they are random copolymers of propy-
lene oxide and ethylene oxide. We calculate an X
p
(propy-
lene oxide fraction) of 0.44 for the "42%" EO polymer and
0.77 for the "75%" EO polymer sample. Unlike the study of
Whipple and Green, however, we did not assume that all of the
backbone carbon atoms had the same NOE. We did assume that
the methylene carbons all had the same NOE, so that our X
p
is
based on the ratio of methylene carbons adjacent to a methine
carbon to those adjacent to another methylene carbon atom.
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Theoretical Predict ions of
Note the summation sign in equation (30) (implicitly
also a part of the formula for the T, derived from alterna-
tive models). The sum is over the index j, which is the j th
nucleus located at r±j away from the magnetic nucleus, i.
Consequently, the T
±
for any particular carbon atom (in our
case) will be an amalgam of the contributions from all other
magnetic nuclei around it. Fortunately, the isotropic abun-
dance of 13C is very small (-1.1%), that of the quadrupolar
O is even smaller (-0.04%), carbon atoms can be decoupled
from H by a suitable and simple radiofrequency method and
carbon nuclei, being located as they are in the center of a
cloud of substituent atoms, are usually well shielded from
intermolecular effects. The end result of these occurrences
is that the summation need only be over magnetic nuclei di-
rectly bonded to the carbon atoms. For our PPO's, then,
we would expect that--assuming that all of the carbon nuclei
in the polymer possess the same correlation time—the ratio
of the T
1
'
s in our system at a given temperature will be
3:2:1 for CH:CH
2
:CH
3 ,
respectively, because of the number of
directly bonded protons. Once again, this relationship
should hold regardless of the model we choose. A quarternary
carbon atom would present a slight problem in that its main
mode of spin-lattice relaxation would be due to non-bonded
2magnetic nuclei. It has been shown that this effect amounts
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on
- about 14% of the total relaxation ^ ^ bonded ^
the poller, poly (vinylidene fluoride). We expect it to be
much less in our polymers because of the oxygen "spacers"
xn the backbone, and because the distance of the protons in
the methyl grouP fro, the backbone carbon atoms (remembering
the dependence on distance is r^*,
. It foUows from^
statements that if we do have a system where the ratio of theVS ^ 35 giVGn ' WG ^ * ss^ that they have the same cor-
relation—or distribution of correlation-times.
§Pii2Z£otation. Now
, a problem arises . f ^ ^
tion time distribution is not common to all of the different
carbon atoms. There are several reasons that this situati
may occur. One particular part of the system may be under-
going a rapid spinning or tumbling motion, giving rise to a
fluctuating local magnetic field which will serve as a
means of relaxation if that motion has components at the
Larmor frequency of the nucleus in question (or, the entire
molecule may be engaged in such a motion which would have a
correlation time less than that for dipolar interaction)
.
If spin-rotation were the only mechanism of relaxation pres-
ent, the T
x
of the system could be expressed by the relation
ship:
, SR.-l 2kT _ _2 3(T
l > "
-JF V T SR (40)
Note the dependence of on temperature; it is directly
opposite to that exhibited by the dipolar relaxation mechan-
ism and is, therefore, a means of distinguishing the two ef-
fects, m the above equation, ^ is the moment of inertia
of the polymer (or molecular component) and C is the iso-
tropic spin-rotation interaction constant. 3 This mechanism
may arise in our system in two ways: (a) if our polymer
molecule is small enough, molecular tumbling may be a relaxa
tion mechanism, and (b) internal spin-rotation of a methyl
group. if the entire molecule tumbles at a rate near the
Larmor frequency, we expect to see an inverse relationship
between T^ and temperature for all of the carbon atoms. The
effect of internal spin-rotation on the ^ of the backbone
as well as the methyl group is included in the Jones model
(equation (39)). Spin-rotation of an internal methyl or
phenyl group has long been recognized as a means of spin-
lattice relaxation in polymer systems. 4-9
Chemical shift anisotropy
. The second manner in which the
ratio of the different carbon atoms may deviate from the
expected 3:2:1 relationship would be if there were some
anisotropy in the electronic screening of an observed mag-
netic nucleus. The random movement of that nucleus in a
liquid or gas would give rise to a local fluctuating magneti
field which would be capable of relaxing the nucleus. This
phenomenon is termed chemical shift anisotropy because,
mathematically, this inhomogeneity in the electronic screen-
ing is manifested in anisnfrnm; *-ud ot opy in the components of the
chemical shielding tensor, a... If the T± were due Qnly ^
this happenstance, it would have the following relationship
to the dipolar correlation time:
Y
2
H
2
3
(T CSA -1 _ C 0 ,22 2
1 ' §
(a 12 + a23 + a 31 >t (41)
(Y
c
is the carbon magnetogyric ratio and H
Q is the strength
of the magnetic field)
. Although it is usually not a factor
in polymers, there is evidence that it may play an important
role in the relaxation times of poly (propylene oxide) and
poly (butadiene)
.
3
Quadrupole interaction
. When the carbon atom is attached to
or is close to a nucleus with a spin >l/2, the non-spherical
distribution of nuclear charge, which gives rise to an elec-
tric quadrupole moment that can interact with the electric
field gradient of the molecule, can cause relaxation because
in a liquid or gas, molecular motion will impose a time de-
pendence on that gradient. If this time dependence has com-
ponents close to the Larmor frequency of the carbon in ques-
tion, it will serve as a pathway to relaxation. Oxygen and
deuterium, however, are in low enough concentrations in our
systems that this mechanism will not be important to us.
Scalar coupling
.
Finally, another mechanism of no conse-
quence to us is scalar coupling which would arise if: (a)
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rapid chemical exchange was to occur, or (b) a nucleus, X,
to which an observed carbon, C, was coupled, was to be re-
laxed by a fast (short t) process, leading to a collapse of
the spin coupling structure {J' 1 << T, C
, T
X
).
3
CX 1 1
C.S .A. experimental
. We have, therefore, two possibilities
to consider if the ratios of the T's of the carbon atoms do
not conform to the expected values. We would expect chemi-
cal shift anisotropy to be in evidence if 1^ (CH) :T1 (CH 2 ) ? 2
within experimental error (these two are nuclei chosen be-
cause they are both on the backbone of the polymer and
should, therefore, exhibit the same motional characteris-
tics) .
Spin-rotation experimental . For a pure dipolar mechanism,
(CH) :T^ (CH-j) = 3:1 because of the number of protons at-
tached. However, if we regard the following formula for
the of a methyl group,
q 2 2 u 2
T
1
~ 1 (CH
3
) = —£
—
|L { (1 - 3cos 2 A) 2 [J
0
(w
H
- w
c
) + 3J 1 (u>c )
40r
2 4
+ 6J
2
(wH + wc ) ]
+3 (sin 2A + sin A)
4
• [J (wH -u)c ) + 3J 1 (a)c )
+ 6J
2
(u>H +
o)
c ) ] x
)
(42)
where A is the angle between the spin axis and the magnetic
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dipole (C-H), r
.. is a constant, and the subscript 1 means
that the spectral density functions in these brackets cor-
respond to a composite correlation function:
I" 1 = £ + i1 T
S
(where x is our dipolar correlation time, T
g
is our spin-
rotation correlation time, and the multiplier, 6, is to take
into effect the three-fold symmetric rotation axis of the
methyl group). The J.'s are the familiar spectral density
functions (previously derived)
. This formula has the same
origin as that we have already seen in the Jones model (equa-
tion (39)), namely, D.E. Woessner et al. 10
Assuming that we were in a motional narrowing region
(u)T << 1), T^CH) iT
1
(CH
3 )
would be equal to 0.44 + 3.6(t,/t)
so that as x
g
* 0 or a value much less than the dipolar cor-
relation time, T
X
(CH) :T
X
(CH
3
) = 0.44. If, however, t
q
>> t,
T
1
(CH) :T
1
(CH
3 )
= 0.44 + 3.6(1/6) = 1.04. Please note that
we assume A = 0° for (CH) . In addition, if V. Haeber-
len's 11 contention of relaxation-limited spin diffusion in
a polymer chain is correct, then the relationship is
T
1
(CH) :T
X
(CH
3
) = 1:3. Spin diffusion is the migration of
nuclear spin temperature from the general polymer system
(the backbone of the polymer) to certain "defect" sites which
serve as a sink for excess spin temperature and which are in
more efficient contact with the lattice. This author rela-
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tionship for a methyl group is:
-1 N(CH-) Y 2 6 2 w 2
1 3 N 20 A rij t Jo^H " V
+ 3J
l( a>c ) + 6J2 (uH + (43)
where N(CH
3 ) is the concentration of methyl groups and N is
the total concentration. 11 The remainder of the expression
is that for the BPP relationship (equation (30)). since,
in our case, N(CH
3
)/N = 1/3, (CH) :T^ (CH^ ) = 1 :3 .
The point we are making with the previous two exposi-
tions is that theoretically we can expect for the relation-
ship between the methyl group and the backbone carbon atoms
to vary over a wide range. The determining factor is, once
again, the particular model or mechanism used to treat the
data.
Influence of molecular weight
. Existing theories describing
the dynamics of polymers in terms of local segmental oscilla-
tion usually result in relationships of the form:
t d
cc f(M)n/RT
,
where x
D
is the dielectric correlation time, f(M) is some
function of the polymer size, n is the microscopic viscosity
and RT have their usual meanings. 12-16 In examining17 the
Rouse-Zimm14 ' 16 model in detail we should note that the poly-
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-x i. considered to be a randQm Gau£sian chain ^^^^ ^
divided into v segments of length , such that the chains
end-to-end distance ,»**) may also be approximated fay g
Gaussian distribution ,n( 13 the number of monomer units in
the chain)
.
Regarding the figure above, if one end of the i th
segment is fixed at the origin of the coordinate system
OXYZ, then at equilibrium, the probability of the other end
being at y. , z . in the volume element dx . dy . d is .
P
i
(x
iy i z.)dx idy i dZi = (b
3A 3/2 )exP [-b 2 (x. 2 + y. 2 + z 2),
• dx.dy.dz. (44a)
where b 2
= 3v/2n£ 2
. The conformational probability of the
entire chain can now be represented by a point in 3v dimen-
sional space. The probability that this point is at X;L ,
yl' ' z v in the volume element dx^yj^ . . . dz is
V
P
v
dx
1 ...
dz
v
= n P
i (x i y i z i )dx idy idz i
(b 3 /rr 3/2 ) vexp[-b 2 [(x. 2 +y. 2 + z. 2 )]
^
i i i
dx
x
. . . dz
v (44b)
If the system is now subjected to a very small exter-
nal force, a diffusion of the ends of each segment will occur
along each space coordinate and the velocity of flow along
each coordinate is proportional to the driving force. Since
this displacement from equilibrium will result in overall
decrease in entropy (AS) and since any new conformation of
the chain must have the same internal energy of the equilib-
rium conformation, the free energy of the system in seeking
a new minimum will cause the conformations to change toward
some new equilibrium distribution. The rate of change of
x
i
due to the motions of the junction point between segments
i and i-1 may be written:
C(dx./dt)._
1
= T(9S
v
/8 Xi ) - 9Sv/8x i _ 1 (45)
where £ is a friction factor defined as the ratio of the net
moving force to the velocity of a junction point. S
v
is the
entropy of a molecule of conformation x^
, y^, zv and
is given by:
S = k In P (46)
v v
(k being Boltzmann's constant). Combining equation (45) with
a similar one for the junction point of segments i and i+1
leads to an expression for the net rate of change of the
length x^ , viz .
:
C(dXi/dt) = T(28Sv/8x i - 8Sv/3x i _ 1 - ^Sv/9xi+1 ) (47)
and from equations (44b), (46), and (46) we obtain:
Udx /dt) + (3vkT/n£ 2 ) (2x. - x - x ) - ni l-l i+l ) " 0 (48)
with analogous equations for dy./dt and dz./dt. if we ne-
glect the negligibly small inertial forces, one notices that
equation (48) is equivalent to a series of Hookean springs
with force constant 3vkT/n£ 2 joined flexibly together by
beads and immersed in a viscous medium. The 3v equations of
motion (equation (48)) are solved by a matrix method for
transforming the x^ y^ z± coordinates into a system of nor-
mal coordinates so that there results 3v new equations each
of which is a function of a single normal coordinate. The
diffusion equation is then acquired via the equation of con-
tinuity, and its solution leads to (for v >> 1) :
Tp * n
2
£
2
£ 0
/6TT
2
p
2kT (49)
where £; Q = ^^/n is the friction coefficient for a single seg
ment. t is the relaxation time corresponding to motions of
the p mode, p = 1, 2, ... v. The theory of Zimm14 modi-
i
f ied the Zimm relationships by including parameters (h, Xp )
related to and descriptive of the effect due to hydrodynamic
interaction; however, his final form for the relaxation time
is
t = vnil
2
C/24hA ' kT (50)
P P
for the case of strong hydrodynamic interaction (the "non-
free draining" case). For the "free draining" case, this
equation reduced to that of Rouse. 17
One must note in the above treatment that the actual
configuration or physical constants of the polymer chain are
not considered. A more general theory which does take into
account such variables is due to Fuoss and Kirkwood 18 and
although their treatment by necessity contained many approxi-
mations and assumptions, the equation they obtained for the
dielectric correlation time of a monomer unit was
2
t d = 3-rra bn/kT . ( 51 j
In this equation, a is the carbon-carbon bond length, n is
the degree of polymerization and b = (3v /8tt) 1//3 with v be-
nr m
ing the volume of a monomer unit. 17
Now, the purpose for bringing forth equations (49)
through (51) is to illustrate the fact that despite the
origin of these theories, a strong dependence on the molecu-
lar weight of the polymer of the dielectric correlation time
is quite in evidence. In all of these cases, the dielectric
correlation time should increase monotonically with the
molecular weight of the polymer (as our t d 's do as shall be
seen) .
If we were in the motional narrowing region of the
vs. x spectrum, we would expect for to decrease con-
stantly with an increase in molecular weight (constant tem-
perature) . In the rigid lattice portion of the T1 vs . x
spectrum {mi „ 1;
, TiWould increase continuaUy ^increase in raoleoular weight Qf ^^ ^
actuality, however, T is fniln, +
' I" °U d to decrease rapidly with
m°leCUlar Wei9ht Until aPProac.es about ~ 10 < g/mole
, at
wn.cK poi„t
, ^ vs . % is constant .l 9 ^ ^be explained by the fact ^ ^
time describes the dynamics of the entire molecule and seg-
ments with an electric dipole and is, therefore, very close
xn form to the
tfl we have used earlier
_ ^ ^
time, on the other hand, describes polymer motion which af-
fects the dipole-dipole interaction between magnetic nuclei
Only motions fast enough to produce local oscillation in the
range of the resonant frequency of a nucleus win affect x
When the molecule is small, overall rotation can and does
"
provide such a motion, however, as the molecular weight of
the polymer increases, the overall tumbling of the molecule
slows, its oscillation frequency decreasing so that the most
important modulation of the dipolar interaction will be very
limited local motion (i.e., crankshaft, lattice jump, spin-
rotation)
.
These short-range dynamics are molecular weight
independent. Consequently, initially, at low molecular
weights, spin-rotation dominates the measured T value al-
though the short range motions are present. As the molecu-
lar weight increases, spin-rotation becomes less and less ef-
ficient as a means of relaxation while the efficacy of short-
range motions gradually increases. Eventually, it completely
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^inates the spin-lattice relaxation of the system. A1 -
though the Connor, Blears andW study was done Qn prQ_
tons in the wide-band NMR mode, we would expect for our sys-
tem to exhibit the same sharp decrease in T, with molecular
weight. no leveling off would be seen, however, because our
molecular weights are all too low.
Solvation. Also studied in the research reported^ ^
the effect of solvation on the T
±
of PPO. it was shown that
there was a sharp increase in ^ with increasing dilution
of the polymer. The rate of increase then moderated itself
so that below a volume fraction of about 0.4 for the poly-
mer, the relationship approached linearity. m our system,
we would expect an increase in the T
±
of CH and CH
2
with
slight solvation, but the increase should not be large and
the T
1
vs. concentration would not be strong because, as men-
tioned before, the carbon atoms are well shielded from direct
contact (non-bonded, of course) with the solvent. The rise
in T
1 would be due to the change in microviscosity of the
system, which would change little on increased dilution with
20 21solvent.
' The dependence of the ^ of the methyl group
should be even weaker in that its rapid reorientation rate
is little affected by the microviscosity of the system. 19
The molecular weight distribution of our polymers is narrow
enough to expect that plasticization , and consequently solva-
tion, of the bulk polymer by low molecular weight material
will be negligible.
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Experimental Relationship Q f
T
1
(CH) to
^ (CHTT
Because it is a backbone carbon atom which has no
substituents and should, therefore, be subject only to over-
all rotational motion or short-range oscillations, let us
first consider the ?
±
vs. 1/temperature spectrum for the CH
2
carbon of PPO-425. Except for the point at
-17°C, it repre^
sents a smooth monotonic relationship between T, and 1/T°K.
A minimum in the curve is quite evident, having a value of
0.034 sec and falling at a temperature of about 0°C (±5°C)
.
In the paper of Connor, Blears and Allen, 19 the
30 MHz XH NMR T
±
of a PPO (hydroxyl end groups) of molecular
weight 750 is presented. The T
±
vs. 1/temperature spectrum
shows two minima: a low temperature one in which the minimum
T
1
is about 0.04 sec and falls at
-130°C, and a high tem-
perature minimum which falls at 0°C and has a value of 0.037
sec. Clearly, this high temperature minimum is analogous
to the one we have detected (the low temperature motion is
assigned to spin-rotation of the methyl group) . The authors
assign the high temperature minimum to segmental motion in
the polymer. One should bear in mind, however, not only that
the 1 H NMR spectrum was taken in a wide band mode and the T
1
is therefore a composite of all of the protons in the sample
but also that the protons are subject to non-bonded interac-
tion to a much larger degree than carbon atoms. A calcula-
tion of the CH
2
T^ minimum using the BPP model (equation
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Figure 3. T, vs. 1/T, PPO-425.
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(30)) results in a value of 0.0167 sec or about one-half of
that found experimentally.
We were unable to obtain the at lower temperatures
because of the extreme broadening of the lines due to di-
polar interaction. At the lowest temperature at which the
T
x
was measured the sample was a highly viscous glass and,
surprisingly, the resonance lines to both the backbone carbon
atoms and to the methyl carbon atoms had broadened to such
a degree that the scatter in the data made it (the data)
useless
.
It has long been noted that the BPP formula tends to
underestimate the magnitude of the spin-lattice relaxation
19 22time. ' There can be two possible reasons for this.
Firstly, it is a general practice for investigators to as-
sign a fixed value to r±y the internuclear distance. This
effectively truncates the summation in equation (20) to a
single term in r. However, a true summation over several
different values of j would be more realistic (and tedious)
.
This would have the tendency to cause the BPP theory to de-
crease the predicted T^ so that by not including the higher
order terms, the experimenters should be overestimating the
experimental T^ . The only way to cause an estimate to be
too low is by adjusting the value of r (usually set at
either the single H-H or C-H bond distance for 1H NMR or
13
C NMR, respectively) so that it would be larger.
A second possibility would be that the spectral
density functions, and therefore the initial orientation
functions are too large. This would indicate that the degree
or strength of the autocorrelation function was too great.
To put it another way, the amplitude of the fluctuations in
the local magnetic fields predicted by using the model in-
volving only Brownian motion in an isotropic medium is too
large. The presence of the polymer chain imposes a restric-
tion on this random fluctuation. The Monnerie and Stock-
mayer equations should, therefore, provide a better descrip-
tion of the experimental results. We shall test this hypo-
thesis later.
In actuality, the surprising thing about the 13CH
1
— 2
and H plots is their similarity to each other. In the
motional narrowing region, we do not expect for the position
of the T
1
vs. 1/temperature plot to be a function of fre-
quenty (u>T >> 1), but close to the minimum and at lower tem-
peratures, the position of the curve is strongly dependent
upon the frequency of measurement. Also, once again, the
protons, being on the periphery of the polymer chain, should
be, and are, strongly influenced by intermolecular effects.
13However
,
the CH
2
curve and the proton curve have the
same minimum (within experimental error) and the same shape
(the width of the curves at = 0.1 sec is ~60°C for the
protons and ~50°C for the CH
2
carbon). This suggests that:
(a) intermolecular effects are not important, (b) the same
spectral density function (and, therefore, the same auto-
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correlation function) can be used to describe the power
spectrum of the two systems, and (c) the two systems are
described by the same correlation time or distribution of
correlation times.
The T
1
vs. 1/T°K spectrum for the methine carbon is
shown in Figure 4. it exhibits the same general character-
istics as that for the methylene carbon, i.e., shape and
width. (Note that the T^s for the two lowest temperatures
are identical to that for the methylene carbon. This is be-
cause at these temperatures, the two resonances have broad-
ened to the point that they are no longer distinguishable.
The T
1
measured is, for that reason, a composite or average
of the individual T. values.)
There are two important points which are noticeable
on closer examination. The first is that the T. minimum ap-
pears to fall at a slightly higher value of temperature
than that for CH
2 ,
viz. 5°C ± 5°C (although it is within
experimental error for the T
x
vs. 1/T°K curve). Actually,
we might expect for this to be the case in that the methine
carbon, having a substituent, is less free to move than the
methylene carbon and should have a slightly larger activa-
tion energy with a resultant shift in the position of the
minimum to shorter correlation times, i.e., higher tempera-
tures .
Secondly, since the value of T
1
(CH) at its minimum
is 0.059 sec, the ratio of T
1
(CH)
:
T
±
(CH
2 )
^ 2. Nor does it
1.20
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o
o
0.20
°o
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Figure 4. T, vs. 1/T for PPO-425.
exhibit a steady, monotonic relationship with temperature.
Rather it fluctuates around an average value of 1.4 ± 0 .3.
(Schaefer23 found that this ratio was 1.5 for a high molecu.
lar weight, solid sample of PP0
.) As previously mentioned,
this author ascribed this to the influence of relaxation by
chemical shift anisotropy in addition to segmental motion. 3
There is also the possibility that the deviation from ideal
behavior in our case is due to the influence of overall
molecular rotation on the relaxation of the molecule. This
can be tested rather simply. Remembering that the T^'a are
inverse rate constants, we can write
T
x
" (experimental) = dT
1
" 1 (dipolar ) + rT
1
" 1 (rotation)
.
(52)
After setting such an equation for T
±
(CH) and for T
1
(CH
2 ),
and noting that dT
x
(CH) /
d
T
1
(CH
2
) = 2 and rT
1
(CH) = rT
1
(CH
2 )
r d
we can deduce the fact that T^/ = 0.4. This would indi
cate that the correlation time for overall rotation is in-
deed longer than that for segmental motion; however, since
our experimental value of T^ (CH) /T^ (CH
2 )
fluctuates around
a constant value with no discernable temperature relation-
ship, we must reject the supposition that overall rotation
important because we know that the rotational diffusion T 1
exhibits the opposite dependence on temperature as the seg-
mental motion Consequently, there should be a strong
dependence of the ratio T, (CH) /T^ (CH2 ) with temperature.
Chemical shift anisotropy is therefore the mechanism respon-
sible for the deviation of the ratio from ideality. (if we
did have a model which could predict the dipolar correlation
time, we could determine the constants in the relationship
between T
±
(chemical shift anisotropy) and x by using dif-
ferent molecular weights and the T^s of different carbon
atoms.) it might also be worthwhile to mention here that
the fact that the ^ (CH) /T± <CH2 ) ratio is less than two in-
dicates that the effect of chemical shift anisotropy is to
lessen the efficiency of coupling of the backbone carbon
atoms to the lattice.
Experimental Relationship of
T
1
(CH) to T
j_
(CH
3J
The qualitative differences between the vs. 1/T°K
spectrum for the CH
3
(Figure 5) carbon of PPO-425 and that
for the CH (Figure 4) carbon are quite obvious. The curve
is displaced toward lower temperature and toward higher T
1
'
s
with the high temperature slope being less than that for the
backbone methine (or methylene) carbon atom. The minimum
in the CH
3
curve lies at about -13°C with a value of 0.144
sec ± 0.05 sec. This would indicate: (1) at the minimum in
the T^ vs. x curve for the BPP equation (equation (30)),
2 4W
C
T
C
= 0.7906; consequently, the lower temperature minimum
for the CH^ group shows that it must have a shorter correla-
tion time than the backbone carbons; (2) energy transfer be-
2.10
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Figure 5. T, vs. 1/T for PPO-425.
tween the methyl carbon and the lattice is less efficient
than that of the backbone carbons; and (3) the activation
energy for the motion of the methyl carbon is much less than
that for the backbone carbon nuclei.
The ratio (CH) /T^ (CH^ ) has been discussed earlier
and bearing those theoretical predictions in mind, we have
the ability to make a couple of generalizations. In the re-
4gion around the two minima using the Woessner model and as-
suming that t
( spin _ rotation) - 0 (the correlation time for
spin-rotation totally dominates the relaxation process) , we
find that experimentally T, (CH) . /T, (CH-,) = 0.41, which
is surprisingly close to the theoretical value of 0.44. This
is perhaps fortuitous in that above 0°C, although T^(CR)/
T-
L
(CH^) does increase, it goes from a value of 0.30 at 16°C
to 0.68 at 63°C so it has a minimum value less than that pre-
dicted by the above model. Furthermore, at a temperature
of 101. 1°C, the ratio still had not yet attained the limit
predicted by this formula which is 1.04.
The BPP ratio of 3 is far from the experimental
values but if we consider the mechanism of relaxation limited
spin-diffusion11 we note that a value of 0.33 is predicted
for our system for the (CH) /T^ (CHg) ratio. According to
the spin-diffusion mechanism, the changing ratio with tem-
perature would indicate a change in the mechanism from re-
laxation limited to diffusion limited spin-diffusion. Inas-
much as the temperature is rising during this interval,
this
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would not see™ to be reasonable. Very likely
,
then
, the CQn.
oept of separation of the dynamics of the methyl carbon into
two independent modulations on the dipolar relaxation mechan-
ism-a short-range oscillation and spin-rotation-is a valid
one, although, once again, the degree of the local field
fluctuation (or magnitude of the autocorrelation function)
is too large.
Spin-Lattice Relaxation Times of the
Polymer End Groups
Figures 6 and 7 contain data on the end groups of
PPO-425. The large chemical shift of these resonances is
due to both their proximity to the end of the polymer chain
and to the nature of the polymers' end groups, namely hydro-
gen-bonded hydroxyl groups. The low intensity of the reson-
ances, however, complicated the determination of their spin-
lattice relaxation times, resulting in a high degree of
scatter. In any case, for the end CH+CH
2 ,
the minimum in
the T
1
vs. 1/T°K plot falls at approximately
-17°C with a
value of 0.046 sec and that for the end CH
3
group is at
-19°C
with a value of 0.162 sec.
The shifts in the positions and shapes of the curves
are consistent with the supposition that these atoms are
freer to move than those analogous nuclei in the interior
of the polymer chain. Consequently, like the main chain
methyl group, there are appreciable contributions to their
77
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Figure 6. T, vs. 1/T, PPO-425.
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overall from internal spin-rotation.
Note that although the 1^ minimum for the end CH+CH
2
resonances is displaced toward lower temperatures, indicat-
ing that its overall average correlation time is shorter than
that for its corresponding internal carbons, the value of the
T
1
minimum falls between that for the CH
2
group and that for
the CH group. This implies that T
1
" 1
(min) for the end CH+CH 2
can be represented by the relationship
T
1
" 1 (End) = T
1
~ 1 (CH) + T^ 1^) (53)
and that one must assume that the same factors which con-
tribute to the relaxation times of the internal carbon nuclei
also are a part of the end CH+CH
2
relaxation. The deviations
of this relationship with increasing temperature supports
the emerging importance of the spin-rotation mechanism for
relaxation. Therefore, the spin-lattice relaxation of the
end CH+CH
2
contains contributions from a dipolar interaction
modulated by segmental oscillation, chemical shift anisotropy
and spin-rotation. However, strangely enough, this is not
supported by the activation energy data (Table 2) which show
a slightly higher activation energy for the motions of the
end CH+CH
2
in comparison with those for the internal carbon
nuclei
.
In a similar fashion, the activation energy for the
end CH
3
group is not only very different from that of the
TABLE 2
ACTIVATION ENERGY jaTA
.
PP0.1025
AEa (kcal/mole) 7-49 7.24 7.73 6
- 5 0 5.61
end CH+CH. grouo h„f 4+
activati
15
°
Sligh"y hi9h" «- «*.t
10nallZati°n
-
forthcoming to e^in this
t . ,
" ^
intereS
""9 ^ note, however, that in the rela
"y reC6nt PUbliCati
°" «— —in ana Carmen" i twas aiso found that the activation energ ies of ^ and CHCarb
°"
at°mS
— — - a tetramethyibeneicosane
(molecular „ei ght about 385 g/mole) were consistently
slightly higher than tho Se of the correspond carhon in
the interior of the molecule (although it is true that with-
in experimental error they are identical). Mother impor .
tant conclusion was that the contribution of overall molecu-
lar rotation (as estimated from viscosity-density relation-
ships similar to the ones we have introduced earlier) to the
total correlation time decreased with increasing distance
of the particular carbon atom observed from the chain end.
However, this contribution was still significant for this
high molecular weight alkane T385 g/mole) for the carbon
in the center of the molecule <~70% of the total corre-
atoms
lation time) with the correlation titte for overall rotation
being (exoept for the ease of one internal CH carbon, longer
than that for internal motion.
It might be noted here that in order to extend the
measurements on PPO-4 25 to higher temperatures, some of the
Previous points were repeated (a total of three). Although
these were run nine months apart, reproducibility was within
14%, 15% and 8.4% for the CH^
,
CH
2
and CH carbons, respec-
tively. Except for the T
±
• s of the methyl group, the T±
points run at the later time were all higher than those run
previously. it might also be noted that the relationships
between types of carbons in the higher molecular weight PPO's
also exhibit the same mathematical characteristics as the
corresponding ratios for PPO-425. For example, for PPO-1025,
VCBJ/T^CHj) = 1.25 and Tj> (CH)/^ (CH3) = 0.4-0.7, while
for PPO-2025, T
±
(CH) /T
±
(CH
2 )
= 1.47 and ^ (CH) (CH ) =
0.3-0.5 (Figures 8-13). This implies, of course, that the
molecular weight of the polymer is not (yet) an important
factor in the molecular dynamics of the individual carbon
atoms in the chain. The T^'s of the backbone carbons are
still dominated by segmental oscillation and chemical shift
anisotropy while that of the methyl group is dominated by
local motion and spin-rotation.
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Experimental Relationship of
Tj^ to Molecular Weight
As previously mentioned, Connor, Blears and Allen19
studied the wide-band NMR relaxation-temperature behavior of
several molecular weights of PPO's with hydroxyl end groups
and with methoxy end groups. Their results indicated that
there was no dependence on the overall of the molecular
weight of the hydroxylated PPO's; however, when the poly-
mers' end groups had been substituted by methoxy molecules,
there was a marked dependence upon the measured spin-lattice
relaxation time when the molecular weight was changed. The
authors concluded that the presence of the hydroxyl end
groups resulted in strong hydrogen bonding which, in serving
to couple together chains, effectively increased their ap-
parent molecular weight. The proton spin-lattice relaxation
time was sensitive to the overall molecular tumbling of the
polymer but the locking together of polymer molecules made
this an inefficient mechanism for dissipating excess spin
temperature. Consequently, segmental motion dominated the
relaxation process and since this mechanism is independent
of molecular weight, the curves for PPO-750 and PPO-4000 were
synonymous
.
Examination of our curves for all major carbons with
respect to molecular weights shows that although individual
points may be scattered, one must conclude that within ex-
perimental error, there is no difference in the T1 vs.
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TABLE 3
T
1
VS. TEMPERATURE, PPO-4 25
TEMPERATURE
(°K)
CARBON
CH
T, (sec)
CH
2
i-^ (sec)
End CHCH
2
T
] _
(sec)
End CH
3
T
]_
(sec)
CH
3
T
x
(sec)
244.2 0.213 0.175 0.213
251.5 0.143 O 1 /I O 0 . 053 0.167 0.162
256. 0 0.035 0,146 0. 076 0.109
262 .0 0.101 n n *7 £U • U / 0 0 . 052 0.218 0.189
273.0 0.064 U . Uo 1 0 .199 0.175
278. 0 0.059 U • U Ht *i f\ not 0 .222 0.198
289.2 0.081 r\ TenU . lo7 0 .384 0.256
304.0 0.152 0 1^1 U . Jbl 0. 596 0.441
306.2 0.157 n l pi 0 . 393
315.2 0.254 0.193 0.796 0 844
321.2 0.326 0. 406 0.633
325.1 0. 370 0.264 0.740 1. 090 0. 706
334 .1 0. 560 0.683 1.265
336.1 0. 681 0.512 ~1.112 "1.112 1. 000
343. 9 0.726 0.958 1.906
353.7 0.728 1.097 1.400
TABLE 4
T
1
VS. TEMPERATURE, PPO-1025
TEMPERATURE
CARBON
CH
2
T
x
(sec)
CH
T
x
(sec)
3
T, (sec)
262.0 0.0386 0.0615 0. 0795 0.110
273.0 0. 0384 0.0645 0.143
304 . 0 0. 0876 0.138 0.599
314 . 2 0.181 0.200 0.506
322.2 0.181 0.272 0.535
328.1 0.260 0.287 0.543
335 .2 0 .399 0.557 1.163
342.0 0.383 0.498 1.135
353.1 0.666 0.883 1.519
363.7 0.603 0.762 1.748
374. 3 2 .107 2 .107 2.949
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TABLE 5
T
x
VS. TEMPERATURE, PPO-2 02 5
TEMPERATURE
(°K)
CARBON
CH
2
T
1
(sec)
CH
T
1
(sec)
CH
3
T
x
(sec)
300.5 0.0764 0.1062 0.3009
321.3 0.2078 0.3264 1.0170
343.0 0.521 0.775 1.814
357.9 0.798 1.067 2.188
92
temperature curve for any of the carbon atoms with molecular
weight. That is to say, the motions which give rise to re-
laxation of both the backbone carbon atoms and the methyl
group are submolecular internal-type motions. This supports
our contention that in these polymers, the dipolar interac-
tion is modulated by internal segmental oscillation and
chemical shift anisotropy for the backbone carbon atoms and
by spin-rotation (and perhaps chemical shift anisotropy) for
the methyl carbon atoms.
Once again we must point out the similarity between
the published data on protons and ours. it shows the rela-
tive unimportance of intermolecular effects on the relaxa-
tion of the protons and thus the contribution of the indivi-
dual carbon atoms to the overall internal relaxation (repre-
sented by the proton T^ has the same distribution function
for its correlation times as the proton distribution of cor-
relation times.
Calculation of the Contribution of CSA to T
Recognizing that separation of the different contri-
butions to the spin-lattice relaxation time of the carbon
atoms in the complex PPO system would be a problem, we also
determined the T, versus temperature curves for the carbon
atoms in a poly (propylene oxide-co-ethylene oxide) with 77%
ethylene oxide units (by number) and a PPO-PEO with 44%
ethylene oxide (Figures 14-17)
. We possessed an additional
two copolymers with amounts of ethylene oxide between these
two values but since the T
±
points found for the 44% EO poly-
mer were the same as those for the 77% E0 p0 lymer (see Tables
6 and 7, „e decided that doing these two polyraers would sim-
Ply result in a duplication of data. The spectra of these
copolymers indicate that they are also hydroxylated with the
probability of the end group being a propanol a little larger
than the percent of propylene oxide in the copolymer. (For
example, for the 44% EO copolymer, the experimental measure-
ment of peak areas indicates the ratio of methyl carbon ad-
jacent to the end of the polymer chain to those in the in-
terior of the chain is 0.037 while that same ratio calculated
for the same polymer with one methyl at the end of the poly-
mer is 0.028. This does not indicate the presence of
methoxy end groups because the chemical shift of the end CH
from the internal methyl group is 2.2 ppm or only 0.1 ppm
higher than that for the PPO's. Also it decreases drastical-
ly with increasing amounts of ethylene oxide units.) Conse-
quently, the contribution of overall molecular rotation to
the relaxations of the individual carbon atoms in these poly-
mers should be the same as that for the PPO's. The internal
contributions, however, would differ if the presence of the
very flexible ethylene oxide units fundamentally changed the
molecular dynamics of the system.
That this is indeed the case is shown by the rela-
tionship between the spin-lattice relaxation times of the
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TABLE 6
T VS. TEMPERATURE, PPO-PEO, 77% EO
TEMPERATURE
CARBON T, (sec)
CH 0 (EO)
Downfield
CH„ (EO)
Upfield
CH
3
254. 3 0.0289 0.0289 0 . 0289 0.0343
269.2 0 . 0818 0.0591 0.0721 0.0898
284 .5 0.1170 0.0878 0.1247 0.3210
2 98.3 0 . 1847 0.1785 0.1479 0. 3809
308.2 0.2736 0.2838 0.1951 0.6071
316.2 0. 3790 0.3841 0.2515 0.8393
324.3 0. 5444 0.4967 0.4598 0.9996
334 .2 0.6331 0.7245 0.4561 1.0441
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TABLE 7
T
x
VS. TEMPERATURE, PPO-PEO, 44% EO
TEMPERATURE
(°K)
CARBON
CH
T
1
(sec)
CH
2
T
l
(PO)
(sec)
CH
2 (EO+)
T
x
(sec)
CH
2
T
l
(EC4)
(sec)
CH
3
T
±
(sec)
277 .5 0.0963 0. 0510 0.0829 0. 0596 0.2754
306.4 0.2987 0. 1402 0.2753 0. 2845 0.9589
326. 3 0.5141 0. 3349 0.5929 0. 6867 0.9676
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methylene and the methine carbon nuclei in the 44% EO co-
polymer (see Table 7). The average value Qf^is 1.85 ± 20% (assuming an average standard deviation of
10%), quite close to the theoretical value of 2.0 which, as
mentioned before, is common to all of the models. This as-
sures us that for these copolymers, the presence of randomly
Placed ethylene oxide in the amount of 44% is enough to
destroy the contribution of chemical shift anisotropy to the
spin-lattice relaxation times of the backbone carbon atoms.
As expected, the T± • 8 for comparable backbone carbon atoms
in the copolymer are significantly higher than those for
PPO-2025 (and, therefore, PPO-425 and PPO-1025)
. Also ex-
pected, and confirmed experimentally, is the fact that there
is no change, within experimental error, in the T ' s of
the corresponding methyl carbons (all of the above at the
same temperature, of course). The door is now open for the
possible calculation of the contribution of chemical shift
anisotropy to the relaxation of the internal carbon atoms.
We can also conclude that the contribution of this mechan-
ism to the relaxation of the methyl carbon is negligible be-
cause of the fact that there is no apparent increase in the
of the methyl carbon nuclei of the copolymer.
Table 8 shows a calculation of the spin-lattice re-
laxation time due to pure chemical shift anisotropy
(T
1
(CSA)) for the methylene and methine carbons of a PPO-425
of low molecular weight together with the contribution of
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„h ,
'
E
° C0P0l^r. Generally, likethe looal osoillation for a particular carbon atom,
^(CSA, inoreases with increasing temperature. Due to thelack of confidence we have in the T«i rn
^ data point at 306. 4 °Kfor the copolymer, however, we only tentatively assert that
the contribution of T^CSA, to the total internal relaxation
of a carbon decreases with temperature and that the contri-
bution of chemical shift anisotropy to each of the backbone
carbon atoms is the same.
The effect of this mechanism is to decrease the
measured ^ that is, to bring it closer to that predicted
by the BPP model so that removing it from the measured T,
effectively destroys the possibility that this model would
be a reasonable one for the characterization of our poly-
mers.
The characteristics of the PPO-PEO, 77% EO copolymer
we would expect to be the same. Unfortunately, the low in-
tensity of the backbone carbon atoms in the propylene oxide
segments of this copolymer precludes the separate measure-
ment of the T^s of the methine and methylene carbon nuclei.
Data for this polymer appear in Table 6 and Figures 14-17.
The T
1
of the methyl group once again indicates the presence
of a spin-rotation mechanism. Also, at this high concentra-
tion of ethylene oxide units, it comes as no surprise that
the T
1
versus 1/T°K curve for the backbone carbons of the
103
propylene oxide units is virtually identical to that for
ethylene oxide units which have other EO units adjacent to
them. It is a bit strange, however, that although there is
no difference at low temperature, as temperature increases
there is a gradual diverging of the curve for EO units with
a PO monomer unit adjacent to it toward lower T values.
This would indicate that the average correlation time for
this segment is a bit smaller than that for either pure
propylene oxide monomer units or for pure ethylene oxide
monomer units. Possibly, this type of segment, in interrupt-
ing a long sequence of homopolymer, serves as a very flexible
link between two stiffer (and perhaps more structured) seg-
ments .
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CHAPTER IV
EXPERIMENTAL DETERMINATION OF
DIELECTRIC RELAXATION TIMES
The Experimental Method
The dielectric investigations on these samples were
initiated with the utilization of the Tinsley Type 4206
Dielectric Test Set apparatus (H. Tinsley and Co., Ltd.,
London)
.
The Hartshorn-Ward method which is used employs
the sample in the role of a variable capacitor which acts on
a tuned radiofrequency circuit. A mirror galvanometer (volt-
meter) is used to detect resonance and to measure the width
of the resonance curve, from which the tan6 is obtained. The
dielectric constant is acquired by comparing the capacitance
of the sample to that of a standard capacitor (air). 1
After over a year of effort, this instrument was
abandoned as a possible source of reliable or even consistent
data. Replacement of all of the older electronic parts we
could obtain and the assistance of Mr. Jay Hermans and Mr.
Joe DeCaro of this department failed to correct whatever
problem existed which resulted in this instrument being un-
cooperative. It would have provided data on the dielectric
constant and loss of our polymers in the range of 10 kHz to
10 MHz at a single temperature (ambient) . Very likely, ex-
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treme age was the only real culprit.
Further dielectric measurements were conducted util-
izing the Type 1615A Capacitance Bridge (a transformer ratio-
arm bridge using a single decade of transformer voltage divi-
sion and multiple, fixed, standard capacitors to provide
six decades of resolution in capacitance) and the Type 1232A
Tuned Amplifier and Null Detector which were products of
the General Radio Company (West Concord, Mass.). The fre-
quency of measurement was provided by an Eico Model 377 Audio
Generator with a possible range of 10 Hz to 200 kHz (the null
detector, however, could only handle frequencies up to 100
kHz because of a limited number of filters). The measurement
cell was a Balsbaugh Laboratories, Inc. (So. Hingham, Mass.)
Model LD-3 Research Cell with a plate diameter of 53 mm.
Temperature was determined using a common voltmeter (±0.05
mV) and a Copper-Constantin thermocouple (Figure 18).
The LD-3 Research Cell is a structure meant to exam-
ine both solids and liquids. It would ordinarily do the
latter by simply lining the cell junctions with suitable
gaskets and filling it with the liquid. However, because
the supply of our sample was limited (filling the cell to
cover the plates would require about 200 mis of sample) we
took the expedience of lying the cell on its side so that
its plates were horizontal instead of vertical. Subsequent-
ly, enough sample was added slowly to cover completely the
bottom plate (the adjustable plate) . The top plate (fixed)
Was then c°"ed „ith , thin
- -—
. it::.;*;::
!
~
—
The upper plate i.u
13 attach*d.
— i :,; ;; ; rirp"
—
b
--—
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p ls lowered onto the CP ii /+.u
-~«—
-
r
quite a distance Erom contact wl
,„« , ,
p Plate when theassembly i s finished) Theu '' In bottom plate i 4. hQ „Fx u s then raised
° u the top—
- - samPle justmakes con .
re»ely slowly (taking ^
_ ^^
«*.* a thi„ film of sample of plate aiameter
the plates. Generally, we Kere able tQ obtain ^^
wxth thicknesses of about O.B-i.5 » of sample betKeen ^
Plates. Of course, one takes the usuai precautions before-
hand with the cleanliness of the cell „„n , near perfect horizon-
tal positioning and placement of liquid nitrogen lines and
electrical connections. Also the amount of trme the sample
is exposed to air should be minimal to ensure that there is
no contamination from dust, dissolved gases or water.
Our samples were run with five frequencies (25 Hz,
rnmen-
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100 Hz, I kHz, 10 kHz and 100 kHz ) in the range of the detec-
tor. Examination of the data shows that the 25 Hz point
never seems to be consistent with the remainder of the data
so it is recommended that in the future, a frequency counte
should be used to independently measure all of the expe
tal frequencies utilized. The cell is *t n a closed system in-
sulated from the environment of the laboratory (Dielectric
Room, 140 Goessman) by its ceramic and aluminum mount. it
is very easy then to maintain a slow flow of liquid nitrogen
into the drain opening of the cell, and by controlling this
flow, to slowly lower the temperature or to hold it for the
duration of the measurement of the five frequencies. An al-
ternative method used was to lower the temperature of the
cell quickly by pouring liquid nitrogen directly on top of
it until the temperature was at the bottom range chosen, and
then to let the sample cell slowly heat up toward room tem-
perature. A steady temperature could be obtained by inject-
ing more liquid nitrogen as in the first method above. It
is admitted that an accuracy in the temperature of only ±0.05
mV (Cu-Constantin thermocouple) or about ±2°C was achieved
by this method. We feel that the resulting data, however,
is of a high enough quality to justify the conclusions
reached
.
Literature
The mathematical relationship between the dielectric
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and nuclear magnetic correlation times has been explained
(see the theoretical section). One can conclude that the
difference in the correlation times has its origin in the
orientation function utilized to calculate the autocorrela-
tion functions and the spectral densities. Physically, one
must bear in mind that an experimental method for observing
dielectric relaxation will elucidate the dynamics of an en-
semble of electric dipoles, and that the spectral density
measured is the probability of orientation of these dipoles
at some given frequency.
When an alternating electric field is applied across
our sample, due to the presence of electric dipoles, the al-
ternating field which is detected will lag behind the im-
posed field by some angle 6. We can define tan6 = e H/e'
where e" is the dielectric loss and e' the dielectric con-
stant. The dielectric loss is related to the energy dissi-
pated in the relaxation process or the power available for
the electric dipole reorientation to a random distribution.
£' is the energy stored in the same cycle. In our particu-
lar case, we obtain tan6 as a function of temperature while
holding the frequency of the alternating field constant. If
there exists in the polymer a mode of motion of dielectric
dipoles which provides an easy means of reorientation of the
bulk polarization in the material, then that motion will be
characterized by both a frequency and an activation energy.
In the presence of an alternating field of given frequency,
Ill
then, efficient coupling
( no energy stored) between the field
and the sample will occur when the temperature has been
raised to such a point that the thermal fluctuation of the
electric dipoles has frequency components close to, or equal
to, the frequency of the alternating field. The frequency
at which such a dispersion occurs is related to the dielec-
tric correlation time in the following manner: x
D
=
1/2TTf (maximum) and a mathematical fit of the behavior of the
frequency maximum with temperature will thus allow us to be
able to predict the dielectric correlation time at any par-
ticular temperature of interest.
Previous investigators 2 " 4 have shown that PPO's pos-
sess at least two molecular relaxation processes; a high
temperature process occurring at about 1 MHz at
-30°C and
a low temperature process seen only by Baur and Stockmayer. 3
The high temperature process has been attributed to backbone
oscillations corresponding to a second order relaxation proc-
ess analogous or equal to the glass transition temperature
(Tg)
.
The high temperature process was found to be molecular
weight independent and to follow an Antoine-type relation-
4
ship, that is, the mathematical relationship between the
frequency of loss maximum and the temperature is given by
the equation:
log f = log f
Q
- B/(T - TQ ) (54)
where B, T n , and f n are constants. This process is thought
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to have its origin in the reorientation of that consent of
the dipole moment of a monomer segment which is perpendicular
to the chain backbone. 3 The low temperature process was
found to be highly molecular weight dependent but indepen-
dent of the presence of hydroxyl endgroups on the polymer.
(It might be mentioned here in passing that two of the poly-
mers used in Stockmayer's research were identical to poly-
mers we have used, viz. PPO-1025 and PPO-2025. One of the
others used was PPO-2025 with the endgroups methylated.) The
authors attributed this relaxation—which exhibited fre-
quency-temperature relationships identical to the main (back-
bone) dispersion— to that component of the monomer electric
dipole which is parallel to the chain direction. That the
chain segment electric dipole can be broken down to parallel
and perpendicular components is an effect of the presence of
the methyl group. Polyethylene oxide 5 has only one relaxa-
tion, that due to the chain segment electric dipole—which
is perpendicular to the chain direction. The same situation
exists for both poly (methylene oxide) 6 and poly (acetalde-
hyde)
.
Baur and Stockmayer obtained their data by holding
temperature constant, measuring the dielectric loss and con-
stant over a small frequency range and then shifting the data
to form one smooth curve (time-temperature superposition)
.
In the data they present, the dispersion representing the
parallel component of the dielectric constant form about 4-5%
of the total area represented by both of the dispersions.
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Experimental Results
*
Let us now examine the experimental results for
PPO-2025 (Tables 9 and 10 and Figures 19-22). First, there
are obviously three dispersions of vastly differing ampli-
tude, and, apparently, differing temperature dependences.
The peak at the highest temperature is due to the presence
in the polymer of ionic impurities. When the polymer vis-
cosity is low enough, these impurities will migrate from the
interior of the polymer and they are small enough so that
their movement (they may be attached to chains or chain ends
in some cases) is an efficient means of relaxation at these
p
high temperatures. This dispersion undoubtedly would have
been seen if Baur and Stockmayer
3 had extended their study
to higher temperatures and frequencies. It was seen by
Yano et al.
4
and G. Williams 2 as evidenced by the upturn in
their plots on the high frequency side of their relaxation
dispersions; it was merely omitted because it was not per-
tinent to their studies.
The center loss peaks correspond very closely to
those published in all three reports and can be confidently
assigned to segmental motion in the polymer related
to the
T . Notice, however, the quite evident
broadening of this
rLonance line with an increase in the frequency
of measure
ment. This indicates that the correlation
time spectrum is
a function of the frequency and therefore
there is a change
TABLE 9
ARRHENIUS ACTIVATION PARAMETERS
POLYMER AEa f Q(kcal/mole) /u z
MAJOR DISPERSION
PPO-4 25
-36 + 5 1.1 X 10 39
PPO-1025
-36 + 5 3.9 X 10 33
PPO-2025
-32 + 4 3.3 X 10 34
PPO-PEO, 44% EO
-38 + 5 1.5 X io41
PPO-PEO, 77% EO -25 + 4 8.6 X io27
MINOR DISPERSION
PPO-1025
-10 + 38 2.5 X 10 15
PPO-2025
-12 + 2 8.9 X 10 18
PPO-PEO, 44% EO -14 + 2 6.5 X 1020
PPO-PEO, 77% EO -13 + 5 8.3 X 1017
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TABLE 10
ANTOINE* ACTIVATION PARAMETERS
POLYMER
PPO-425
PPO-1025
PPO-2025
PPO-PEO, 44% EO
PPO-PEO, 77% EO
B
(°K)
1080 ± 20
1150 ± 100
1130 ± 110
1150 ± 190
1150 ± 200
0
(°K)
166.0
167.0
167.1
166.0
157.0
log f Q
(Hz)
12.008
12.273
11.953
12.995
11.237
*ln f = In f
Q
- B/(T - T
Q )
116
5.0--
1.0--
0.10—
Tan 6
0.01—
0.001
O 100 kHz
V 10 kHz
1.0 kHz
O 0.1 kHz
n—
i
—
i
—
i
—
i
—
i
—
i
—
i
—
i
—
i
—
i
—
i
—
i
—i i m i r
180 -160-140 -120 -100 -80 -60 -40 -20 0
o
20
Temperature ( C)
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in the activation energy of the process with frequency-or
temperature. This means that these resonance lines cannot
be superimposed in the manner of the corresponding ppo
examined by Baur and Stockmayer. This broadening also
slightly increases the resolution in this line, and there
appears to be a definite shoulder on the high temperature
side of this dispersion. This may be an artifact however be-
cause it does not appear to be present in the corresponding
dispersion of the other PPO's. (it may be real; due to the
number of points taken, resolution is quite high for this
polymer.) Our experimental activation parameters (Table 10)
compare very favorably with those reported by Yano et al.
for an identical polymer, viz. B = 1138°K, log f
Q
= 12.00,
and Tq = 167°
.
4
A low temperature dispersion is very much in evi-
dence. It is quite a bit smaller with respect to the center
line than that noticed by Baur and Stockmayer, however (re-
member, our data is presented on a semi-log scale in tan6).
The fact that its peak becomes less and less distinguishable
with increase in the frequency of measurement is due to the
same process responsible for the broadening of the central
peak, a temperature dependent activation energy. We would
have to assume that Baur and Stockmayer were correct in
feeling that this process possessed the same temperature de-
pendence as the central peak except for the fact that its
temperature shift with frequency is a bit greater than that
for the central dispersion (24°K versus 18°K from 25 Hz to
100 kHz). An attempt to fit this loss curve to a set of
Antoine parameters is hopeless due to the large amount of
scatter in these points. We have, instead, included Table 9
which gives Arrhenius activation parameters for this in ad-
dition to the central dispersion. Please bear in mind that
we do not claim that the central dispersion's activation
parameters can be described by an Arrhenius relationship.
These numbers are only for the very short temperature and
frequency range represented by our data and serve as a means
of comparing the two dispersions (the comparison to be taken
up later)
.
That the central dispersion does not follow the
Arrhenius equation is obvious from Figure 2 0 in which pro-
nounced curvature is seen. The corresponding Antoine plot,
using the calculated parameters, is shown in Figure 22. A
fairly good correlation is obtained. A plot of the dielec-
tric correlation time with inverse temperature (in analogy
3
to that presented by Baur and Stockmayer for the low tem-
perature dispersion) is presented in Figure 21. A final
note: we used the Arrhenius expression for the low tempera-
ture peak and the Antoine relation for the high temperature
peak together with the presence of the high temperature peak
at -52 °C for 1 kHz for our experimental data and both peaks
being at log f equal to 3 . 6 and 5.6 from Baur and Stock-
mayer' s data 3 to try to predict where we would expect Baur
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and Stockmayer's low temperature dispersion on our plot of
tanS vs. 1/temperature. Such a calculation yields T°C =
-130°C, quite a distance from the experimental value of
-108-C. The suspicion begins to grow that our low tempera-
ture dispersion and Baur and Stockmayer's low frequency peak
may not be the same relaxation process.
Effect of Molecular Weight
A look at other molecular weight PPO's is interest-
ing. First of all, the high temperature dispersion shown
in Figure 24 for PPO-425 shows clearly that it possesses an
activation energy which is a function of temperature, but
also that this dependence is opposite to that shown by the
peak due to segmental motion. That is, since the peak
broadens with a decrease in frequency, the apparent activa-
tion energy is higher at higher temperatures. A plot of
these points would yield a curve which curves in the opposite
sense of the corresponding Arrhenius plots for the central
peak. Moreover, the meaning of log f
Q
and T
Q
in this case
would provide interesting fodder for a fertile imagination.
Actually, it would be easier to observe that perhaps further
experimentation on this portion of the spectrum is needed.
The central peaks of PPO-425 and PPO-1025 exhibit
the same type of relationship with temperature as does the
corresponding peak for PPO-2025, with a twist. Examination
of Figures 2 0 and 21 in which the Arrhenius and Antoine
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Plots are presented suggests that the position of this dis-
persion is molecular weight dependent. it might be argued
that since the activation parameters are a iiroi n r ll the same within
experimental error (Tables 9 and 10), perhaps we are reading
more into these figures than are really there. But if one
examines the printed spectra of Baur and Stockmayer, 3 there
is a very small shift in position of the main dispersion
with molecular weight, very small but discernible. I am in-
clined to believe that we have slightly better resolution
than these authors had and that, for that reason, the shift
with molecular weight, which does not result in any experi-
mentally significant change in the activation parameters,
is real. This does not change the conclusion that this dis-
persion is due to segmental oscillation in the polymer, it
merely indicates that at these low molecular weights, there
is a mode of oscillation contributing to this dispersion
which is molecular weight dependent, and has the effect of
shifting this dispersion to higher frequencies or tempera-
tures. The nature of this mode of oscillation cannot be
elucidated by this study (we would need the relaxation spec-
tra of a series of even higher molecular weight PPO's) but
we can speculate that the bulk of the movements in the main
dispersion involve fluctuations of short (but relatively dis-
crete) polymer segments with the small amount of high fre-
quency oscillations due to a smaller, monomer-sized length
of the polymer chain.
It is the presence of the low temperature resonance
line that is the most cause for concern. The Baur and
Stockmayer report 3 shows that this peak is clearly present
for the high molecular weights only. its rapid movement
with molecular weight decrease makes it all but invisible
for PPO-1025. Carrying their argument one step further, for
PPO-425 this line should either be hidden completely in the
in dispersion or it should appear on the high temperature
ide of this dispersion. As one can see in our experimental
data, it remained in place.
Once again, the previous authors 3 assumed that this
peak possessed the same temperature characteristics as the
central resonance. A glance at Table 11 shows that at 1 kHz,
TABLE 11
TEMPERATURE SHIFT OF DIELECTRIC DISPERSIONS*
ma
s
POLYMER MINOR PEAK(°C)
MAJOR PEAK
(°C)
AT
(°C)
PPO-425 -105 -55 50
PPO-1025 -106 -53 53
PPO-2025 -108 -52 56
*Measured at 1 kHz.
the two peaks are slowly drawing apart with molecular weight,
the central resonance shifting toward higher temperatures
(or frequencies) and the other shifting toward lower tempera-
tures with an increase in molecular weight. The shift of
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this low temperature line is then in the opposite direction
as that in the aforementioned publication attributed to elec-
tric dipoles parallel to the chain axis. So, once again, we
are drawn inexorably to the conclusion that we are examining
a process not seen by Baur and Stockmayer, and to the fact
that we do not see their important resonance.
An important clue that this is indeed the case is
shown by our data for the copolymers (Figures 25 and 26).
The 44% EO copolymer has characteristics very close to that
for the PPO's (remember that its molecular weight is ~3300
g/mole)
.
If, however, our low temperature dispersion were
due to a component of the segment's dipole which was parallel
to the chain direction, this peak would be greatly dimin-
ished. However, as one can see in Figure 25, it is quite
prominent. We would also expect for it to just about disap-
pear for the 77% EO copolymer (Figure 26), but although the
activation parameters are quite different for this copoly-
mer, the low temperature dispersion is still very much in
evidence. (The activation parameters for our 77% EO copoly-
mer reflect the fact that poly (ethylene oxide) is quite a
5 9bit more flexible than PPO. ' )
Possible sources for such a dispersion include: (a)
chemical, low molecular weight polymer or solid impurities;
(b) chain ends; (c) sequence aberration in the polymer
(microstructure impurity) ; (d) crystallinity ; and (e) phase
separation. We can eliminate (a) because of the direction
128
0.001 [
i—
i
—
i
—
i
—
i
—
i
—
i
—
i
—
i
—
i
—
i
—
i
—
i
—
i
—
i
—
r
-180 -160 -140 -120 -100 -80 -60 -40
—
I
—
I
—
I
—FT
-20 0 20
Temperature (°C)
Figure 25. Tan 6 vs. Temperature for PPO-PEO, 44% EO
10.0
1.0
0.10
Tan 6
0.01 --
0. 001
129
O 100 kHz
V 10 kHz
1 kHz
O 0.1 kHz
A 0.025 kHz
I I I I I I I I I I 1 I I I I I I I I I
-180 -160 -140 -120 -100 -80 -60 -40 -20 0
Temperature (°C)
20
Figure 26. Tan 6 vs. Temperature for PPO-PEO, 77% EO
130
of movement of this dispersion with an increase in molecular
weight. m a higher molecular weight polymer, the resonance
should be shifted to higher temperatures. Reason (b) is out
because this line did not decrease appreciably with an in-
crease in molecular weight. As mentioned in the 13CMR exam-
ination of these polymers, they are essentially entirely iso
tactic, therefore reason (c) is very unlikely. if we real-
ize that we are below T
g
for these polymers (-60 +
-75°c)
,
reason (d) becomes a definite possibility. it is weakened
(and the last possible explanation, (e)
, is destroyed) by
the fact that any line due to oscillations in the crystal
should be quite different for the two different copolymers.
It is our conclusion then that this line may be due to os-
cillations of an electric dipole in a crystalline or para-
crystalline material.
In conclusion, the only part of the dielectric data
we can correlate with the NMR results is that for the cen-
tral dispersion, which has been assigned to segmental oscil-
lations of an electric dipole in the polymer. Experimental-
ly derived parameters exist for the calculation of the aver-
age dielectric correlation time due to this motion for all
of the polymers studied.
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CHAPTER v
CORRELATION
N.O.E.
sm
s
in the system we are studying, the dominant mechani
(but not the only one) for the relaxation of the 13C nucleu
is dipole-dipole interaction with the protons which are at-
tached to it. in order to study the spin-lattice relaxation
of the individual carbon atoms in the spectrum, it was neces-
sary to first remove the spin coupling to the protons—which
reduced the complexity of the spectrum to a considerable
degree--by irradiating the protons with about 1-2 Watts of
a 90 MHz radiofrequency signal. This decoupled the protons
from the carbon nuclei by saturating the proton energy
levels. However, this saturation also has the effect of
causing the amplitudes of the carbon resonances to be some-
what (up to a factor of 2.988) larger than would be expected
from the coupled spectrum.
This increase in the intensity of a line due to the
saturation of a nucleus with which it is interacting is
termed the Nuclear Overhauser Effect. Essentially what hap-
pens is that the saturation of the protons changes the energy
levels of the carbon nuclei by a small amount (the total
populations remaining constant) and causes a slight shift in
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the relative magnitudes of the transition probabilities be-
tween them (sinoe they must act to bring the system back to
thermal equilibrium)
.
If <C
Z >
and <H
Z
> are the expectation values for
the carbon and proton nuclei, respectively, r and 1H are
o o
the equilibrium values for the two nuclei and W w, and W
are the zero quantum, single quantum and double quantum
transition probabilities for the 13 c nuclear energy levels,
then the equation of motion for the system is
d<C
z
>/dt =
-(WQ + 2WX + W2 ) «C Z> - C Q )
" <W
2 -W0)«HZ>-H0 ) (55)
Upon irradiation of the protons, <H
Z
> = 0 and, therefore,
since
it follows that
d<C
z
>/dt = - (W
Q + 2WX + W2 )<C Z> + (WQ + 2WX + W2 )CQ
+ (W
2
-W
0
)C
o YH/Y C (")
or
d<C
z
>/dt = - (WQ + 2W1 +
w
2 )
[<c
z
> - C 0 (l + n)l (58)
*
where
n = yh (w2 - w0 )/Yc (w0 + 2Wl + w2 ) .
1
(59)
ar
Differentiation of equation (58) will lead to the famili
expression for the decay of the 13 c magnetization (chapter
III, The Experimental Method). Equation (58) also shows
that the equilibrium magnetization of the l3C nucleus has
been increased by a factor l+n . it is customary to desig-
nate this quantity the nuclear Overhauser enhancement or NOE
while n is termed the nuclear Overhauser enhancement factor
(NOEF). The latter quantity has a value of 1.988 at the ex-
treme narrowing condition.
Note that n does not depend upon r
±
. or the number
of protons bonded (or close to) the carbon nucleus. All of
13the C atoms should possess the same NOE even if there are
no protons directly bonded to them and if this were indeed
the case experimentally, 13CMR would be a much simpler tool
to use for the interpretation of spectra. However, for poly-
mers, it has been found that a reduced NOE is the rule rather
2-5than the exception. Also, different carbon atoms in the
same polymer sometimes possess different NOE 's, 6-9 a feature
which severely complicates quantitative interpretation of
13
C spectra. The value of the NOE in our study is that it
provides the essential "second measurement" that we need to
test the various models for polymer dynamics. As mentioned
previously, it is quite easy to fit the experimental data
with any of the theoretical expressions we have discussed,
but we can conclude that a model is a good one only if, after
fitting the T
1
data, it can correctly predict the NOE data
(or vice versa)
.
Our data for the NOE of the carbons in PPO-425 are
presented below. One series of points at 35°C is also pre-
sented for PPO-PEO, 44% EO. The other polymers were omitted
because, as we have seen, there is no variance in T
1
with
molecular weight or between copolymers with different com-
positions. Please note that this NOE data was taken at 20.1
MHz. Although the NOE is essentially independent of fre-
quency in the extreme narrowing regions, it does have a
strong dependence at cot = 1. However, for our data we cal-
culate that the maximum variation in the value of the NOE
where the dependence is strongest (cox = 0. 7906) is
As one notices from Table 12 and Figure 27, although
there is scatter in the data, the NOE decreases monotonically
with temperature, i.e., we are not in a motional narrowing
region (NOE = 2.988, a constant) and we are approaching the
region of the ^ minima. Also, it is clearly evident that
those carbon nuclei which possess an appreciable contribu-
tion to their spin-lattice relaxation time from an internal
spin-rotation mechanism exhibit full or nearly full enhance-
ment at the higher temperatures. Within experimental error,
at a given temperature, all of the backbone carbon atoms have
the same NOE (this includes the copolymer which we would
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TABLE 12
NOEa VS. TEMPERATURE FOR PPO-425
TEMPERATURE
(°K)
CARBON NOE ± 10%
CH CH
2 End CHCH2 End CH 3 CH 3
360 2 .89 2.83 2 .84 3.20 3.04
345 2 .81 2. 68 3 .14 2.96 2.99
330 2 .67 2. 60 3 .59 2.82 2.80
315 2 .13 2 .16 2 .69 2.84 2.73
308 1 .68 1.58 2.22
308 1 .48 b 1.56b 1 .57b ' C 1.51 b ' d 1.95b
Taken at 2 0.1 MHz by Dr. Peter Ziegler of Bruker
Instruments at Billerica, Mass., whose assistance is grate-
fully acknowledged.
Taken at 22.636 MHz utilizing the methodology pre-
sented in Chapter III, The Experimental Method.
cNOE for the CH2 unit in "pure" ethylene oxide
sequences
.
NOE for the ethylene oxide unit adjacent to a
propylene oxide unit.
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ordinarily expect to have a higher NOE due to its slightly
more flexible chain)
.
Methodology for Fitting the Experimental Data
Figures 28-30 show curves of T
±
versus x for the BPP
model (equation (30)), the Monnerie Lattice Jump model (equa-
tion (35)) and the Jones-Stockmayer model (equation (39)).
Computer programs for generating the curves are included in
the Appendix.
Figure 28 for the BPP formula is simple and straight-
forward containing curves for the major carbon atoms (and
an NOE curve which is common to all of the carbon nuclei)
assuming the Debye model with dipolar interaction only. Note
that this formula would predict that the methyl carbon would
have a shorter spin-lattice relaxation time than either of
the two backbone carbons. Also note that if the experimen-
tal ratio of the ' s for the various carbons were
T
1
(CH) :T
1
(CH
2 )
:T
X
(CH-j) = 3:2:1, all of the carbons would have
the same (average) correlation time.
Figure 29 illustrates the behavior of with corre-
lation time utilizing Monnerie' s tetrahedral Lattice Jump
model (equation (35)) for the methine (CH) carbon only. This
model contains one adjustable parameter, t^/t, the ratio of
the correlation time for isotropic rotation of the entire
molecule to that for local segmental oscillation. (The
abscissa is also for local motion.) As one can see, lowering
Log (sec)
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Figure 29 T, and N.O.E. vs. Correlation
trie Monnerie Model (CH) .
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Figure 30a. T, and NOE vs. log t, Jones-
Stockraayer Model. A = 0
.
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Figure 30b. T, and NOE vs. Correlation Time
Jones-Stockmayer Model. A=109.470.
the magnitude of this parameter sharpens the curve and shifts
it to higher correlation times. This is showing that t
q
can
eventually dominate the relaxation of the molecule. The
NOE's for the various values of the parameters are less sen-
sitive to them unless one studies extreme values for t /t
.
As in the case of the BPP curves, the plots for CH 9 and CH
^ 3
are obtained by a vertical shift of 2^ and 3T, f respective-
ly. Also, it might be mentioned in passing that the Monnerie
model will also predict a methyl spin-lattice relaxation time
smaller than that for the backbone carbon nuclei.
The Jones and Stockmayer model (equation (39)) con-
tains several parameters; however, in fitting the model to
the data, all but two of the parameters are fixed. The value
of the angle between the rotation axis and the C- H vector,
A, can be set at 109.467° for the spinning methyl group
(Figure 30b) but for the backbone carbon atoms, it is quite
undetermined. In Figure 3 0a (T^ vs. t for the backbone
methine group) we have taken the liberty of setting A = 0.
This eliminates the two last terms on the right-hand side
2 2
of equation (39) (B and C terms) and A = (1/4) (3cos A-l) =
1. In Figure 30a, three different values of the parameter m
(the number of coupled bonds in the polymer segment) are
utilized. As m increases, the curve broadens, gradually
approaching the form of the Monnerie model (to which it is
closely related when A = 0) . Only in the range of high tem-
perature are the curves differentiated.
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The NOE's for the various values of m are all very
similar, having as their most noticeable feature a slight
plateau in the region of urr = 0.79. (By the way, in all of
these plots, u>
c
= 22 . 626 MHz and u>H = 90 MHz.)
Figure 30b for the Jones-Stockmayer model is plotted
for A = 109.47°, the tetrahedral angle, which introduces
an added parameter T ±r , the
correlation time for internal
rotation. There are two interesting features in these ^
curves: (a) there are many different values of the ^
mini-
mum, depending only upon T. r , and (b)
when T ir = x, this
model (and, actually, any model using Woessner's
anisotropic
rotation formulation; see reference 1) shows
a leveling off
of T, when WT » 1. There are also some
interesting changes
in the NOE in this region for the same
values of i if It
is unfortunate that our instrumentation
is unable to yield
spectra of solid materials.
To find the correlation time
corresponding to a
particular T, at a certain temperature,
we would take our
experimental values of and NOE at
the same temperature to
+-v^ rn frv to find the
one of the model curves and,
using the T^ t y
^ fh^i- the experimental NOE
model curve with parameters
such t at
a- The resultant x's, NOE's,
and
was correctly predicted.
i
o fhpn recorded to be evaluated
to
fitting parameters were t e
a
gether with anaio.ous
data at other textures and
with
other models. The
comparisons with were made
hy «*U.-
ing the .ntoine e.uation
for the oentrai dispersions
oi
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PPO-425 and PPO-PEO, 44% EO (Chapter IV) to yield a value of
t d at the appropriate temperature.
The BPP Model
Table 13 contains the information on x NOE, and
T D//x C tnat we nave obtained. Turning our attention first
to the NOE at 330 °K, we notice immediately that the BPP model
predicts that the NOE for all carbon nuclei should be at the
maximum value, 2.988. Within experimental error, only End
CHCH
2 ,
End CH^ , and CH^ can be said to have a maximum value
for their NOE's at this temperature. That is to say, those
carbon nuclei which undergo a dipolar spin-lattice relaxation
mechanism modulated by spin-rotation exhibit characteristics
of being in the motional narrowing region of the T^-x spec-
trum. The backbone carbon nuclei are not very far from this
range
.
In comparing the correlation times we note right
away that x D > x for all carbons; however, x D
/x ranges from
below 2.0 up to about 4.75, effectively straddling the ex-
pected value of 3.0 for isotropic rotation of the polymer
molecule. Separation of the contribution for CSA would in-
crease all of the relaxation times, leading to slightly
lower expected values of the NOE. The expected NOE's would
still remain close to the maximum, however. As one lowers
the temperature, the experimental values of the spin-lattice
relaxation time and the NOE also decrease. The expected
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TABLE 13
THEORETICAL PREDICTIONS OF THE BPP MODEL
PPO-425
CARBON T
l
(sec) NOE (Exp) (x 10 10 sec) T /t *
D C NOE (BPP)
330°K
CH 0 .681 2 .67 0.65 1.76 2. 988
CH
2 0 . 512 2 .60 0.44 2 .60 2. 988
End CHCH
2
1 .112 3 . 59 0.26 4.41 2. 988
End CH
3
1 . 112 2 .82 0.12 9.55 2. 988
CH
3 4 .000 2 .80 0.24 4.77 2. 988
315°K
CH 0 . 254 2 .13 1.78 1.25 2. 95
CH
2 0 . 193 2 .16 1.12 1.99 2. 988
End CHCH
2
0 .796 2 .69 1.20 1.85 2. 988
End CH
3
0 . 844 2 .84 0.17 13.1 2. 988
CH
3
0 .598 2 .73 0.37 6. 02 2. 988
308°K
CH 0 .16 1 .7 2.88 0.64 2. 78
CH
2
0 .11 1 .6 2 .00 0.92 2. 90
CH
3
0 .44 2 .2 0.324 5.65 2. 988
*
1^ is the dielectric relaxation time at this tem-
perature from the Antoine formula.
value of the NOE remains high, however (still at a maximum-
within experimental error)
, so that the BPP formula becomes
even less applicable at lower temperatures. The values for
t d/t support this, becoming smaller with decreasing tempera-
ture. Except for the methyl group, x is increasing at a
faster rate than x Q (t d/t does not appear to change very
much with temperature) so that it appears that the polymer
motions which are responsible for x Q are more flexible and
less affected by temperature than those responsible for x.
We are forced to conclude from the above statements that the
BPP model does a poor job of correlating T1# NOE, x D and x.
Tetrahedral Lattice Jump Model
The tetrahedral lattice jump model of Monnerie 10
yields a correlation time which describes the length of time
between jumps of a three-bond segment from one position to
another on a tetrahedral lattice. This would be just slight-
ly larger than a monomer unit in the chain and although it
would not be dielectrically active, it could cause a diffu-
sion of conformation along the polymer chain. It would be
unwise to believe that a polymer chain in solution or melt
is confined to only such motions, however, so other authors"**^"
have included empirically a correlation time for overall iso-
tropic rotation of the polymer, Xq.
In Table 14 we have listed the appropriate adjust-
able parameter, t/t Q( along with the x and NOE (theoretical)
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TABLE 14
THEORETICAL PREDICTIONS OF THE
LATTICE JUMP MODEL, PPO-4 2 5
CARBON Tl
(sec)
NOE
(exp)
T
(x 10 10 sec) VT T n/ T0 NOE(Theor
.
)
330°K
CH
CH-
CH-.
0.681
0. 512
1 .000
2. 67
2. 60
2.80
0.218
0.059
0.0353
5.26
19.4
32.5
10 2
l n n
^
x u -*± u
10 2
2.58
2 .
4
2. . 9
315°K
CH
CH
2
CH
3
0.254
0.193
0.598
2.13
2.16
2.73
1.70
0.127
0. 0174
1.31
17.5
128
10 2 *10 6
10 6
10 6
2 .10
2 .
1
2 .72
308°K
CH
CH
2
CH
3
0.16
0.11
0.44
1.7
1.6
2.2
8.4
3.4
0.033
0.22
0.54
55.4
>10 2
10 1
10 6
1.82
1.98
2.4
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which we have obtained using equation (35).
Examining the numbers for the three main carbon
nuclei at 330°K one is immediately aware that this model does
a much better job of predicting the NOE than does the BPP
model. Within experimental error, the correct NOE's were
anticipated by this model although once again, the predicted
NOE for the methyl group is slightly higher than the experi-
mental value. This model supports the experimental data
which indicate that we are not in the motional narrowing re-
gion for any of the carbons at this temperature. The param-
eter TqA d (correlation time for overall rotation/x for the
lattice jump motion) does not indicate any particular corre-
lation with type of carbon at this temperature, but if we
consider as a width parameter for the T^ versus x curve, it
would show that if this system were to be characterized by
a distribution of correlation times, it would be a very wide
distribution (compare the widths of these curves to those for
the BPP plot) . Once again it must be stated that this model
does not take into account relaxation mechanisms other than
overall isotropic rotation and the three-bond shift. Con-
sequently, we do not really expect for it to do a good job
relating the physical parameters of the methyl group to the
theoretical variable. However, surprisingly enough, even
without considering the effect of spin-rotation, this model
correctly predicts the NOE for the methyl group. In addi-
tion, the value of t q/td is
comparable to those for the back-
s' on
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bone carbon nuclei indicating that is experiences the same
distribution of correlation times acting on the backbone
carbon atoms. This is very important because it indicate
that it is quite possible to properly characterize the moti
of the methyl group without arbitrarily separating it from
the backbone carbon atoms. However, this would also indicate
that the T
x
minimum for the methyl group should fall in the
same place as that for the methine and methylene carbon
atoms--an attribute not found in this study.
It might be pointed out here that by going to much
longer correlation times (t = lO -6 sec), the value of the
NOE will be lower (-1.3) and that this is the number we
should be using in this chart. This cannot be the case for
two reasons: (1) it is true that in the case of this study,
each T
1
will yield two values for the correlation time (and,
therefore, the NOE), but since we have an experimental value
for the NOE for each particular T
1 ,
we can unambiguously
find the correct correlation time; (2) although solutions to
the equations are double-valued, the temperature dependence
alone could serve the same function as the NOE measurement
for this system. For systems containing small molecules or
solutions of large biological molecules , the temperature
alone would not suffice.
It is in the value for x that the Monnerie model
begins to show some weakness. Note that the correlation
time of the methine (CH) carbon is nearly four times the
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length of that for the methylene carbon (CH
2 ) . Bear in mind
that both of these are backbone carbon atoms and should,
consequently, possess the same, or nearly the same, correla-
tion time. (This relationship is correctly predicted by the
BPP model.) The very large difference is undoubtedly an
artifact introduced by the extreme width of the curves and
by the fact that in order to obtain the best possible fit
of the data, the t
q
/t parameter was changed between the two.
Maintaining the equality of the correlation times would have
resulted in the NOE for the methylene carbon being overes-
timated by a considerable amount (2.9).
Lowering the temperature of the system has the ex-
pected effect of increased correlation times and decreased
NOE's but there are two other occurrences worth noting. The
first is that the distribution of correlation times appears
to be widening indicating that the internal motions may be
becoming more cooperative. The second is the apparent mini-
mum in the values of the correlation time of the methyl
group as one decreases the temperature. This, too, is an
artifact caused by a shift in the t
q
/t parameter to fit the
data
.
Also included in this table are values of the ratio
t d/t (dielectric relaxation correlation time/lattice jump
correlation time) . The numbers are included merely for
qualitative comparison with those analogous values evaluated
in the discussion of the BPP model. Their significance is
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a bit less due to the fact that we are now comparing numbers
from models with two vastly different descriptions of chain
dynamics. Internally, however, one can see the fairly con-
sistent fact that as one moves from most hindered carbon
(CH) to the most mobile carbon (CH3)
, the value of this
ratio rises considerably, much more than with the BPP model.
This shows that the range in internal motion correlation
times of the various carbon nuclei at a particular tempera-
ture is much larger for the Monnerie model than for the BPP
model—once again, the extreme width of the Monnerie T
versus t curve is probably the principle reason.
We must conclude that the Monnerie model does a very
good job of fitting the and NOE data. However, its in-
ability to yield the same or nearly the same distribution
of correlation times for comparable carbon nuclei points to
a serious defect in this model which makes interpretation of
polymer dynamics utilizing it a potentially dangerous oc-
cupation
.
12Jones-Stockmayer Limited Coupling Model
Figures 30a and 30b show plots of equation (39) for
A = 0° and A = 109.47°, respectively. In the latter figure,
only curves with m = 7 are shown because this value provided
the best fit for the experimental data. Figure 30a was used
to obtain the data for the methine and methylene carbon atoms
with A set to 0° because of a lack of an angle between the
H vector and the
"spin-rotation axis" for these two
carbon nuciei. Figure 30b, „hich is for the methyl grQup
only, has such an angle along with spin-rotation as a com-
peting mechanism for spin-lattice relaxation. Parameters ex
tracted from the figures are given in Table 15 for the three
main carbon atoms.
The curve for A = 0° (Figure 30a) bears more than a
passing resemblance to that for the BPP curve (Figure 28),
and for good reason. when A = 0°, the factor A in equation
(39) becomes equal to 1 and, except for the summation over
the subscript, k, this equation would reduce to the BPP equa
tion (if t
q
=
oo). It comes as no surprise, then, that the
predicted values for the NOE's of the backbone carbon nuclei
are all 2.988 for the higher temperatures. At 308°K the
predicted NOE's are not at a maximum but they are consider-
ably larger than the experimental NOE values (directly
analogous to the BPP formula)
.
The parameter m—the number of coupled bonds in the
segment— is related to the number of correlation times char-
acterizing the three-bond motions which the backbone under-
goes in the following manner: s = (1/2) (m + 1) . Unfor-
tunately, parameters are only given allowing calculation up
to m = 7 . In the case of the backbone carbons, this is im-
material in that all three values of m yield a maximum NOE
for the temperatures considered. In order to obtain some
differentiation in the NOE values with this curve, we would
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have to let m - 1 which would correspond to an s = x (aU
segments acting independently and an overall correlation
time x
c
where t^ 1 = ^"1 +
tfc
-l
f k = „ . ^^ ^
quite unrealistic.
in Figure 3 0b, we have the corresponding plot for
the methyl group. The added parameter, x^, the correlation
time for internal rotation, is an empirical means of incor-
porating the spin-rotation mechanism into the overall spin-
lattice relaxation time. As the table shows, we obtain a
good fit for the data for 315°K and 330°K. At 308°K, the
theoretical prediction is a bit too high (although within
experimental error, it is correct). The curve-fitting is
consistent over the entire temperature range with m = 7
(seven coupled bonds in the segment with dynamics described
by four correlation times) and x ir =
10~ 15 sec. We might
have obtained a better fit for the low temperature point by
reducing x ir a bit further, but this would have resulted in
a value of T
1
(CH
3
) minimum which was too high.
It might also be noted here that with m = 7, the
autocorrelation function for this model is very similar to
that for the Monnerie model. They differ only in the re-
gion of very short times and very long times.
Since our values for t (which contain four different
T k and also a x Q ) lie in the range of 10
10
second and T ir
is 10 sec, the motion of the methyl group at these tem-
peratures moves about 10~ 5 Hz faster than the backbone
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TABLE 15
THEORETICAL PREDICTIONS OF THE
LIMITED COUPLING MODEL, PPO-425
CARBON Tl
(sec)
NOE
(exp)
T
(x 10 10 sec)
in
NEO
(Theor
.
)
330 3R f = 10 ~* sec
CH 0. 681 2. 67 ~0.1
-11.5 3-7 2.988
CH 02 0 .512 2 60 ~0.1 -11. 5 3-7 2.988
CH 03 1 . 000 2.80 0.30 3.82 7 2 . 90
315 »K, T ir = 10
15
sec
CH 0.254 2.13
-o.oi ~200 3-7 2.988
CH 02 0.193 2 . 16 -o.oi -200 3-7 9 QQQ
CH
3
0. 598 2.73 0.57 3. 91 7 2.75
308'5 K, T ir =
10"-L5 sec
CH 0. 16 1.7 0.78 2.35 7 2.60
CH
2
0.11 1.6 0.51 3.59 7 2.78
CH
3
0.44 2.2 0.89 2.06 7 2.60
carbon nuclei. However, since the correlation time repre-
senting the various rk and , Q is still increasing slQwly at
these temperatures, the dominant relaxation mechanism for
the methyl group in PPO-425 is dipolar interaction modulated
by segmental motion.
We must conclude, for the above reasons, that the
Jones-Stockmayer Limited Coupling model behaves much like
the BPP model when applied to the backbone carbon atoms of
our system and does a poor job of relating * NOE and t.
However, when applied to the rotating methyl group a good
fit may be obtained although there may be some deviation in
NOE at low temperatures.
PPO-PEO, 44% EO
BPP model. in Table 16, we have presented analogous data
for PPO-PEO, 44% EO copolymer. Consistent with the previous
explanations, the BPP model does a poor job of predicting
NOE's in that full or nearly full nuclear Overhauser enhance-
ment is expected. This model does a better job of presenting
relative correlation times, however, showing that the
ethylene oxide units are more flexible than the propylene
oxide units and that the methyl group is freer still. Only
in the case of the methyl group is t d/t > 3; this is quite
analogous to PPO-425 at this temperature. This is somewhat
surprising in that the copolymer, according to the T^ data,
has a slightly more flexible chain. We hasten to add the
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fact that the use of the 77% EO Antoine parameters to pre-
dict x
D leads to a dielectric correlation time 34x larger
than that from the 44% EO data, supporting the contention
that the copolymer chain is more flexible than the homopoly-
mer PPO chain.
Monnerie model
.
The Monnerie model was able to predict the
NOE's of the PO CH and OL, groups fairly well. At this low
temperature (35°C)
,
however, the NOE of the methyl group was
overestimated but not to the degree that the ethylene oxide
NOE's were overestimated. (it is interesting that the
Monnerie model predicts the same NOE for the methyl carbon
and the ethylene oxide carbon nuclei. A complicating fea-
ture in the previous statement is that their correlation
times differ by an amount slightly greater than 100. Also
note that the correlation times for the propylene oxide (PO)
methine and methylene carbon atoms are quite close together.
The reason for this, of course, is that in the copolymer,
there is no contribution to the relaxation of the backbone
carbon nuclei from chemical shift anisotropy. Since the T
1
is purely dipolar in nature we get the expected
T
1
(CH) :T
1
(CH
2 )
=2.0 and, therefore, equivalent correlation
times. t q/ t is not very large except in the case of the
methyl group. This is strange if Tq/t is thought of as a
distribution parameter because it states that the distribu-
tion of correlation times for a methyl group at this tern-
Perature is several orders of magnitude greater than that
for the backbone carbon atoms. if one takes the ratio at
face value, however, it merely states that there is about
five orders of magnitude between the rate of isotropic rota-
tional diffusion motion and the rate of spin-rotation of the
methyl carbon (a value derived earlier from the Jones-
Stockmayer model)
.
Jones-Stockmayer model
. As in the case of the PPO-425, the
data for the methyl group could be adequately fit with m = 7
-15
and x ir = 10 sec. Once again, this model imitates the
BPP model by greatly overestimating the NOE's of the back-
bone carbon. The only major difference between the two sets
of data is the predicted maximum NOE for the ethylene oxide
carbon atoms (also predicted by the BPP formula) which is
not found experimentally.
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CONCLUSIO N
There are two important conclusions which result from
this study. The first is that the use of a model which de-
scribes molecular dynamics in terms of a distribution of cor-
relation times (or a non-exponential autocorrelation func-
tion which is mathematically equivalent in form to a distri-
bution of correlation times) can predict the macroscopic re-
laxation characteristics of PPO and PPO-PEO copolymer quite
well in the region where motional narrowing applies. The ac-
curacy appears to fade, however, as one approaches the mini-
mum in the T
1 versus x curve.
The second conclusion is that the dielectric relaxa-
tion correlation time for these polymers: (a) does not cor-
relate with methyl groups or others that have spin-rotation
as an important relaxation mechanism, and (b) approaches the
BPP prediction of t d/t = 3 as one increases the temperature,
i.e., as one approaches the motional narrowing region. It
must be remembered that in this region, the spin-lattice re-
laxation time of the polymer carbon atoms is independent
of the Larmor frequency and, therefore, the strength of the
magnetic field or frequency of measurement. The dielectric
relaxation time does not correlate well at all with the
nuclear relaxation correlation times derived from the
Monnerie model and only does so with the Jones-stockmayer
model if terms in the spectral density function ^.^
acoount an additional correlation t ime are omitted (so that
essentially it has been reduced to the BPP spectral density
function)
.
This means that although the use of a distribution
of correlation times can enable one to fit the NMR t data so
that it is internally self-consistent, it will destroy any
correlation with the dielectric relaxation data. This can
be seen most vividly in the difference of t /t for the
methine and methylene carbon nuclei for the Monnerie model.
We conclude that, for these polymers, the distribution char-
acterizing the ensemble of electric dipoles is fundamentally
different from that describing the distribution of magnetic
dipoles—not just in the width or width/height of the dis-
tributions, but also in the shape. The distribution of mag-
netic correlation times is much too broad. In order to be
directly related to the dielectric distribution it must be
very narrow—as narrow as that for a single correlation
time, which, as we have seen, cannot fit the NMR data self-
consistently . The only solution to this dilemma would be if
the use of a distribution of NMR correlation times predicts
a more complicated relationship between t d and T„ than a
simple numerical proportionality.


